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Highly nitrided tantalum thin films, ranging in 
0 0 
.,, .thickness from 1600 A to 3050 A, were cathodically sput-
tered onto quartz substrates in a pure nitrogen atmos-
phere. The effects of cathode current der1sity and film 
thickness on the film structure, crystal structure, compo-
sition, resistivity, current-voltage characteristics and 
.optical energy gap were studied. 
The electron microscopy studies showed the films to 
be discontinuous throughout the range of cathode current 
0 
densities investigated for films 1600 A thick. In ad-
dition, electron diffraction studies showed the crystal 
• 0 
structure to be body-centered tetragonal with C - 5.01 A 
0 
and a~ 5.77 A and c/a = 0.87. The presence of a small 
amount of hexagonal TaN was observed using this technique 
and x-ray diffraction. The x-ray diffraction studies also 
showed that the TaNx films were deposite~ with no obser-
vable preferred orientation of ~he crystallites. 
- Analysis of the gas content of the sputtered films · 
• r 
showed the nit~ogen content to be a function of the 
cathode current-density and the ftlm thickness. The 
nitrogen content was observed to be least at both the 
lowes.t and higqest cathode current. densities while in-
, / . . / I . 
creases in film thickness resulted in .an increased 
nitrogen content. 
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Electrical resistivity, as a function of temperature 
in the range of 213°K to 373°K, followed the relation ~. 
~E/kT 
P = P e 
0 
. 
where AE decreased with increasing cathode current density 
and film thickness. Current-voltage characteristics ob-
tained at 77°K indicated a non-ohmic behavior at large 
applied voltages for all films. The resistivity ratio 
P@ V=O/p followed the relation 
.. P@tl=O 1/2 
log10 p = AV 
• 
above some critical voltage, where Vcritical and A are 
dependent on both the film thickness and cathode current 
density. This behavior was attributed to conduqtion by 
an "intergrain tunneling" me9hanism. "\. 
The optical energy gaps were found to be in the 
range· of 1.95/ ev to 2.6 ev, and decreased with incr~asing 
film thickne-ss and cathode current density. This was at-
I 
J 
tributea·to variations in the gas content of the films. 
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Cathode Sputtering 
"' 
Sputtering is the continual disintegration of the 
cathode surface through severe bombardment of the cathode 
I by positive ions in a glow discharge. The metal atoms 
dislodged from the cathode by the high energy gas ions 
are then deposited on the substrate located at the anode. ,. 
Since these metal atoms strike the substrate with a high 
' energy, a good bond is usually formed between the film 
and the substrate. The properties of sputtered films 
have been observedl to depend strongly on the type of 
' gas used in the glow discharge. If ions of a reactive 
gas such as nitrogen are used for the ejection of metal 
atoms from the cathode surface, the process is called ~ 
"Reactive Sputteringl,2." 
.. 
R~active Sputtering has been reported3 to result 
·z 
in the formation of interstitial solutions of the reactive 
gas 1Q the depos~ted metal, or in the formation of 
individual compounds. During rea.cti ve sputtering three 
types of reiiftions have been observed4 to occur; (1) 
production of a compound la.yer on the cathode which is 
removed unde~ positive ion bombardment, (2) combination r -. 
' . 
·with the reactive gas by the sputtered atoms in transit· ) ' 
to .the a.node,, and· ( 3) rea.cti ve _gas absorption by the 
· sputtered· film, during its· forfuatioh. In the -cas.e of ·-a· 
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highly react:l.ve metal such as tantalum v1hict1 1s 
spu t ter'ed in a r)ea ct 1 ve u;a s cJ :l.s c Y1a rf~e., n1cJ c Y1a nl sm ( 1) 
has been reported4 to predominate. This means that only 
a small number of ions are left for bombarding the 
cathode, therefore a very low deposition rate would be 
expected for reactive sputtering. 
Tantalum Nitrides 
The following phases of tantalum nitride have been 
reported from x-ray analysis of tantalum or tantalum 
hydrides nitrided with ammon1a5,6: 
1. Ta2N (29 - 31 at.% nitrogen). HCP with the 
unit cell dimensions varying as a= 3.041 A to 3.048 !, 
c = 4.907 X to 4.918 l, c/a = 1.614. 
2. TaN ( 50 at.% nitrogen). Hexagonal with 
cell dimensions invariantly found as a= 5.185 A, 
c = 2.908 l, c/a = .561; 3 Ta atoms per unit cell, B35 
(CoSn) type. 
3. Ta3N5 ( 62.5 at.% nitrogen). Tetragonal 
with unit cell dimensions a= 10.265 A, c = 3.898 I, 
-· 
c/a = .380 and containing four.structural units Ta3N5 
in the unit cell. 
An x-ray analysis of tantalum nitride specimens 
synthesized from their elements.by Brauer and Zapp7 was 
,, . 
-~ in very close agreement on composition and. structure. for 
the phases Ta2N and TaN. A .tantal~ ~itride phase having 
• • r 
. . . . ,- j 
··--·- - ~ . . 
•• 
• 
•• 
I . 
-r -
-
----~------ ~-- -- --- ~.-
( 
,' . 
. 
t 
.~' 
., 
' 
• • 
----- - -~--- ~- --~ - ----- ---- -- ------- - ----
• 
the cornposit:lon of Ta3N5 has been observedB,9,10, however 
a c on f l r1n a t 1. on of 1 t s c r y s ta 1 s t ru c t l.l r> e and cJ e r1 (_) 1 t y a s 
observed by Brauer and We1dle1n6 has not yet been 
reported. 
There has been a tantalum nitride corresponding in 
composition to TaN2 reportedll, however, its existence 
has not yet been confirmed. 
· Tantalum Nitrides Formed by Sputtering 
The following phases of tantalum nitride have been 
observeal2,13,14,15 from x-ray and electron diffraction 
analysis of tantalum nitride films formed by sputtering 
tantalum in a mixture of nitrogen and argonl3,14 or in 
an atmosphere of only nitrogenl2,15: 
1. Ta 2N. HCP with unit cell dimerrsions given as 
a= 3.06 A, c = 4.95 A where the value of the_ c dimension 
changes with small changes in stoichiometry. 
. " 
~. TaN. FCC with unit cell dimension given as 
0 0 
::a 0 = 4. 28 A to 4.48 A, depending on composition, and 
... having a flzinc b.lende" structure in which half the 
interstices of the fee tantalum lattice are occupied by 
·Il:+trogen atoms. 
3. TaN. Hexagona115 -with unit cell dimension 
-
' 
.given as a = 5~181 A and c = 2.905 l (as P.reviously 
·report~d for bulk7) •. 
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4. TaNx. FCC v11th unit cell dirne11stor1s given as 
· 80 = 4.92 X to 5.02 1 depending on investigatorl2,15. 
The structure ar1d electrical proper>ties of the 
Ta 2N and fee TaN phases of tantalum nitride have been 
well evaluated and confirmed by many investigatorsl,13,14 • 
~e structure and composition of the TaNx phase, however, 
has not yet been conclusively identified nor have its 
optical and electrical properties been evaluated very 
thoroughly • 
Background on the TaNx Phase 
The results of reactively sputtering tantalum in a 
100% nitrogen atmosphere have been the subject of only 
a few investigations and it has been founctl2,15 that 
(with the proper sputtering voltage, cathode current 
density, and nitrogen pressure) a tantalum nitride deposit 
is obtained which has an fee unit cell of dimension 
a0 = 4.92 A to 5.02 A. This tantalum nitride deposit 
has been describectl2 as a "yellowish transparent 
material" and for the prese~t will be designated as 
TaNx. 
Chemical analysis of.these deposits has shown them 
to contain approximately 61 at.% nitrogen in one 
investigationl2 where as for those films prepared in 
. ' . 
. ,. 
another investigationl5 the nitrogen content of the 
TaNx films was reported as 20 at.%. This dis~repancy 
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' 
in observed nitrogen content is quite large, however, 
since the other fee phase1 of tantalum nitride (TaN, 
a0 = 4.28 i to 4.42 i) ls stoichiometric at 50 at • % 
nitrogen, consideration of both the lattice size and 
the color of the TaNx deposits compared to that of the 
fee TaN would lead one to conclude that the TaNx films 
should contain more than 50 at.% nitrogen. Therefore, 
if the chemical analysis of 61 at.% nitrogen is 
assumed to be most accurate~.it has been postulateal2,17,18 
that the TaNx compound could be given a designation of 
either Ta3N5 or TaN2. 
The compound Ta3N5 has been reported to have been 
formed in the bulk by a number of investigators6,8,9,10, 
one of whom6 reported ~ 3N5 to possess a tetragonal 
lattice, the other8,9,10 reporting only that the 
·· composition ·of the tantalum nitride corresponded to 
Ta3N5. The density values of Ta3N5 have been reported 
as s· •. 5 gm/cm3 and 9.85 gm/cm3. It has also been noted 
by a.11 investigators that the Ta3N5 compound was red 
in color. 
The compound TaN2 has bee·n report.ad by -·,·one 
1nvestigator10, however., its existence ha.a yet- to be 
J d 
confirmed. M. H. Readl2., however, has postulated that 
..... , 
the compound TaNx could be TaN2 and possess the "ca·lcium · 
fluoride" 5itructure. .The basis for this hypothesi.s 
~ .. -..... 
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bi th f t th t if th j ~ jr1ter1 ~~,cen of the e n g e - a c a - - _ e r· e n1 a ... n .1. 11 g . _ 0 c, • ~.) 
fee TaJ\J "z1nc bler1<Je" strt1ctur·e ar·e f1lled tl-1en 
stoichiometric TaN2 would result. Using tl1e atomic 
0 
radius of tantalum (1.46 A) and the covalent radius of. 
0 
nitrogen (. 75 A), Read has shoi·m that the lattice 
parameter of the hypothesized structure would calculate 
0 
to be a0 ~ 5.1 A which is close enough to the measured 
lattice parameter value to make this structure feasible. 
Using the observed lattice parameter value and the 
assumed "calcium fluoride" structure, Read calculated 
the theoretical density of TaN2 to be 11.45 gm/cm3, a 
- -"''-'------~-
a value which is much greater than the density of 8.1 gm/cm3 
founal2 for these films. However, the measured density, 
may be subject to many errors. 
Regarding the electrical properties of these 
TaNx films, it has been founal6,17,18 that their 
resistivity is larger (by order of magnitude) than that 
reported for any of the other tantalum nitridesl3, 
however there is a disagreement. between the various 
·investigators as to the correct value. It has also been 
observed that these TaNx films have a large negative 
temperature coerficient of resistivity and also that the 
resistivity of the films can be -·represented b_y the 
expression _ ·
, - - AE/Kt 
P. = Poe.·. . 
·.;,. 
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16 where the value of ~E has been given as .32ev. The 
other investigationsl7,18, however, have 
sl1oti1r1 tl1is value of.tlli to vary from as lo\AT as .. 04ev to 
• • 
as high as .36ev. There is also ev1dencel7 that there 
exist two different trap levels activated within the 
temperature range -20°C to 100°C, but the data regardi11g 
this is not conclusive. It has also been observectl7 
t!L 
-·- ~---,......;..:::--,,..,•_..:i:..:-.* 
.. 
, I 
• . that both the resistivity and activation energy decrease ·· 
as the thiclrness of the films. increases however this 
effect has not yet been confirmed. 
Objective of This Investigation 
The principal objectives of this'study were to 
~-- ..,;..!' ' investigate the structure, composition, electrical 
properties and optical absorption spectrum of tantalum 
nitride films formed by sputtering tantalum in a.n atmos-
phere of nitrogen as a function of (1) cathode current 
\ density, (~) sputtered film thickness. Particular 
emphasis in this study was pla.ced on investigating those 
·region~ of cathode curr~n~ density which produced 
tantalum nitride films having the TaNx phase as their 
primary constituent. 
. I In particular it was desired in this study to 
examine the effects of the previously stated controlled· 
-· 
.~ 
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( 1) Orientation, crysta 111 te slze., composition 
and structure of the primary phase TaNx. 
(2) The resistivity of the TaNx phase. 
(3) The conduction mechanism and energy band 
• 
structure of the TaNx phase. 
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EXP ER If·;Jf:r1rr f\I1 PI1() CI•:J)l_JJ~ES AND DE'l1A ILS 
Des c r 1 pt ion of Sp ll t t er· 1 r1 r; 1-1 pp a r· a t 1.1 s 
jar vacuum system similar to that shown schematically 
in Figure 1. This vacuum system consisted of a 2 inch 
eve, 300 watt, oil diffusion pump equipped with a 
refrigerant cooled cold trap and backed by a Welsh 
· mechanical pump. The vacuum system was found to be 
capable of producing a vacuum of approximately 5 x 10-7 mm 
Hg. High vacuums were measured with an NRC Type 507 
ionization gauge while the sputtering pressures were 
measured wlth a McLeod pressure gauge. The high voltages 
required for sputtering were supplied by a eve 5000 VDC 
power supply • ) 
A schematic diagram of the deposition chamber is 
shown in Figure 2. The cathode consisted of a circular 
disk of high purity tantalum approximately 5 inches in 
diameter. The substrate holder as well as. the substrate 
support block were made of #304 stainless steel and 
were positioned so that the cathode to anode distance 
was approximately 1.25 iriches. 
As shown in Figure 1, the nitrogen was admitted to 
. 
the bell jar through a Vactron~es., micrommeter dial., 
: v~riable· leak valve after it had passed thro~gh a heat~d 
. ' . 
. 
.. 
. quartz· tube cont~ining magnE;!Bium , shavings. 'fhe magnesium · 
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1a 
• 
shavings were heated to approximately 400°C by a nichrome 
heater coil surrounding the quartz tube. The heated 
magnesium insured that the moisture and oxygen content 
of the nitrogen gas was reduced to a minimum. Al micron 
millipore particle filter was inserted after the magnesium 
deoxidizer in order to remove from the nitrogen any 
particulate matter carried by gas. It should also be 
noted that it was possible to pump down the gas feed 
lines from the bell jar to t~e gas supply bottles to a 
vacuum of less than 1 ~ 10-5 mm Hg. US1ng standard. leak 
detection techniques, no leaks were detected at any of· 
the solder Joints, compression fittings, or valves • 
. 
Substrates and Substrate Preparation 
__ .,. 
Two types of substra.tes were used in this study: 
1 1/2 x 1 x 1/16 inches thick, General Electric, Type 101, 
ground and polished, clear, fused quartz plates, and 
1 x 3/A----x--.005 inches thick, Baker, high purity, platinum 
sheet. Tantalum nitride films dep·osi ted on the platinum 
substrates were used for study of the gas composition of 
... t..he deposits while the films deposited on the quartz 
substrates were used'for study of resist.iv-1.ty, film 
thickness, f11m· dens:1.ty, a.bsorption spe.ctrum, and 
crys·ta.llography. Portions of the films deposited on· the 
quartz substr,ates were. stripped fran the substrate and 
used for making the transmission electron micrqscope 
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photographs and electron d1ffract1~~,patterns o~ the 
tantalum nitride deposits. 
• 
The quartz substrates used in this investigation 
were cleaned per the following procedure: 
(1) The quartz substrates were scrubbed with cotton 
Q-Tips soaked in trichlorethylene; rinsed with acetone; 
and blown dry with nitrogen. 
(2) The substrates were then placed in a boiling 
50% HCL solution for approximately 10 minutes. 
(3) The substrates were then rinsed for approximately 
5 minutes in running deionized water. 
(4) The substrates were then loaded wet from Step #3 
into a stainless basket and placed in a hot (approximately 
.90°C) Alconox solution (3 gm Alconox per liter H2o) and 
agitated for 5 minutes with ultrasonics. 
(5) The basket containing the substrates was then 
transferred to a 5 compartment cascade rinsing tank 
through which flowed hot (approximately 90°c) deionized 
water. The rack was placed in each one of tne 5 compart-
ments for approximately 5 ·minutes each; ' .. 
. . ,.., "."'• 
. 
.. , 
(6). The basket was- then placed in a 1000 cc pyrex . . 
beaker containing deionized water, maintained slightly 
below the boiling point, for approximately 2 minutes 
and then withdrawn slowly to allow the substrate to dry 
.. dur,ing removal. 
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(7) The substrates were then removed from the 
stainless steel baskets and placed in glass containers*· 
which were then stored in an oven at approximately 120°C 
for 8 hours before use. 
T·he platinum substrates used in this investigation 
were all cleaned per~ the follov1i11g procedure: 
(1) The platinum substrates were degreased bt 
soaking them in two successive beakers of boiling 
trichlorethylene for approximately 2 minutes each. The 
substrates were then rinsed with acetone and blown dry 
with nitrogen. 
(2) The platinum substrates were then heated in 
the flame of a bunsen burner to a red glow for approxi~ 
mately one minute. 
(3) The platinum substrates were permitted to cool·.; 
and were then placed in a clean glass container. 
Sputtering Conditions 
The films investiga.ted in this study were prepared 
by sputtering per the conditions (sputtering voltage, 
cathode current density, and deposition tlme) outlined 
in Table 1 and Table 2. The films sputtered under the 
conditions outlined in Table 1 were used-to investigate 
*The glass containers we~e previously cleaned per Step.#1 
and Steps #3 thru #7 of the qua~tz substrate cleaning procedure. 
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the effect of variations in the cathode current density / 
on the spec 1f1c resistivity, st rue ture., gas cornposl tion, 
conduction mechanism, and energy band structure of the 
nitrided tantalum films. The films sputtered per the 
conditions outlined in Table 2 were used to investigate 
the effect of variations in the film thickness on the 
previously mentioned film parameters. 
· Deposition Procedure 
The sequence of operations for a sputtering run 
• 
were as follows: 
(1) The 1 1/2" x 1" quartz substrate and the l" x 
3/4" platinum substrate, previously cleaned were weighed 
on a Metler Micro Gram-Atic Balance and then placed in 
I-
the substrate holder. A "thickness mask" (used to shield 
a portion of the substrate from the deposited film so 
that the r11m thickness can be measured on the Talysurf) 
was placed on top of the quartz substrate.. The substrate 
• holder was then placed on top of the substrate support 
block a.nd the thermocouple was inserted into the substrat~, 
, 
holder. 
( 2) The bell ja.r was replaced and the system 
pumped down until a pressure of 2x 10-5 mm Hg_was 
" ~ reached, at which t1·me the bell jar heating jacket was 
:~~-.. :~, .... 
.turned on. The .temperature of the bell· jar was maintained 
such tha.t the substrate holder· w~s kept at approx·imately 
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18 
180°c. This heating was maintained for 8 hours in 
order to "out gas" adsorbed water vapor and otl1er 
gaseous impurities from the surface of the quartz 
substrates, the inner surface of the bell jar, and the 
surface of the metal fixtures and base 'plate inside the 
bell Jar. 
• 
(3) At the end or the 8 hour bake-out period the 
bell jar heating Jacket was turned off and the system 
allowed to cool while continuing to pump down until the 
pressure in the bell Jar was less than 1 x 10-6 (this 
required at least 3 hours). 
(4) The magnesium deoxidizer heater was then 
turned on and allowed to reach equilibrium at approximately 
400°C. Then the "N2 valve" and the "blocking valve" were 
opened (in that order) and the pressure of the nitrogen 
in the bell J.ar was -permitted to come to equilibrium at 
-
approximately 8 microns. 
( 5) Sputtering was ini tia.ted by applying the desired 
sputtering voltage to the cathode and adjusting the. 
pressure regulator on the nitrog~n pe:>~tle to obta.in the 
desired cathode current density. 
(6) Sputtering was continued for the pre~elected 
deposition time. The sputtering voltage, cathqde current 
. 
. . density. and pressure- of the nitrogen in the bel·l Jar were 
. . 
carefully mainta.ined while the subst.rate temperature · 
. 
. 
. 
··-
. .,,. 
_was. continually monitorea during ·the· sp~tt_e:ring .interval.-
. , 
. . 
. J 
... ... . ', 
-
• 
.,:;: 
. I 
•. 
-- --- ----· _-.----- ---- --· ·---·~ 
- ~ ___ ...... .,___ - - -- -~ -- - - - ~- - - - - - - -----
' 
17 
(7) After the predetermined sputtering time had 
elapsed the high voltage power supply was turned off, 
.but the nitrogen was pern1itted to flow until the substrate 
temperature was approximately 90°c, then the "blocking 
valve" was closed; the magnesium deoxidizer heater was 
• 
"' 
turned off; and the system was pumped down and allowed 
to cool • 
(8) After the system had cooled to a substrate 
temperature of at most 40°C, the vacuum was broken by 
opening the "vent valve" and permitting nitrogen to 
flow into the bell Jar. The bell jar was then removed 
from the system. The substrates were taken from the 
substrate holder and weighed again on a Metler Micro 
~ Gram-Atic Balance then placed in a clean glass container 
identified as to sputtering voltage, cathode current 
density, and deposition time. 
Specific Resistivity Determination 
The specific resistivity of the tantalum nitride 
' films at approximately 25°c was determined by measuring 
. ----/ ~ .. ' 
.. , 
tQe resi.stance of a recta:pgular strip of the material · 
then calculating the specific resistiv;tty from the 
equation · 
p = R~~ W;1 o~-cm· 
··, 
I ( 2) 
t 
·Where Rs is the re·s·istance of the strip_ in ohms; L is 
,. .· 
the length of the strip {as given in Figure 3-a) in cm; 
~-. 
. ~.-, 
. ..... :·· 
. . .· 
. ·1...,.-
. . 
• 
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Wis the width of the strip (as given in Figure 3-2) 
in cn1; ar1d t 1 s t 11e th i cl{11e s f-J of the f'i ln1 ir1 crn. 1I1l1e 
thickness of the tantallUTI nitride films was measured 
with a Taylor-Hobson Model 3 Talysurf profilometer. 
Two nichrome-gold contact strips were evaporated 
onto the film as shown in Flgure 3-a and .020 inch 
diameter alwninum wire leads were ultrasonically welded 
, · to each of the contact strips as shown in Figure 3-b. 
· Then, .the resistance of the samples was measured with 
a Leeds and Northrup Model 4735 wheatstone bridge. 
The resistance measurements were made at 20°C ± .5°C 
using a Tenney Environmental Test Chamber, Model TMUF -
100350, to maintain the temperature of the film within 
the desired range. The temperature of the chamber was 
controlled by a Thermodyne, Model 1215A, tempera·ture 
controller which used a Winsco, Model 2432-3, Platinum 
Resistance Thermometer as a sensor. The resistance 
thermometer was located adjacent to the film under test 
in the chamber. 
The apparatus used in the resistance measurements 
~· 
described above is· s-hown in Figure 4. 
Investigation of Resistivity a.s a Function of Temperature 
· Using the same sample as was _used to measure the 
' . 
specific resistivity at room temperature, the variation 
of res·istivity over ·the temperature range of· -60°.c to 
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+ 100° C i·ra s 1r1 \r(:: st J c;a t ed. rrr-1e t ec1'111 i que and appa ra tt1 s 
descrlbed 1n t1-1e p:r 1evJ011s section (Spec1f1c 11es:tDt1v:1.ty 
De t e r1111 n a t i ci n ) i-1 a s ll s e d for the s e n1 e a s t1 r· ern e 11 t s • The 
·':'.l -_ ·-: _;_ 
resistivity of the tantalum nitride films v1as deterinined 
from the resistance measurements by equation (2). 
Voltage-Current Measurements 
.-.· Since it had been observed17 that both the resistivity 
·· of the TaNx films and the activation energy tenn of 
equation #1 decreased as the film thickness increased, 
it· was thought that, at low temperatures, large applied 
voltages would enhance the curreri~ flow (decrease the 
film resistivity) similar to the enhancement effect 
produced in discontinuous thin films30,31,32 by large 
-applied voltages. 
The voltage-current measurements were made on ea.ch 
of the films listed in Table II at a temperature of 77°k 
using the circuit shown in Figure 5. In order to maintain 
the film at a constant temperature of 77°k the substrate 
' was innnerse.~ in a dewar filled with liquid nitrogen, 
allowing a.pproximately 1 hour for the film to equilibrate 
I • . 
.at 77°k. The voltage was applied to the film by two 
Lambda Electronics Corp. Model 71 regulated pow~~ supplies 
in· series, while the currerit··-·--through the films was· detected ,'• --
:..,~· ? 
by·measuring the voltage drop across a resistor of known 
· · · value ( approximately .. 1/10, 000 of .the film·- resistance)· 
•' 
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w:1.th o Gener~a1 Had Jo C~or)p I> rr:/pe 1230/\ DC Electr'OTTH:::ter1 
ha v t n f ~ a n J n 1) u t J rn IJ e cJ a r1 c e of a J) pr, o J( 1 ma t e 1 y 1012 o r1rn s • 
Tl1e v o 1 ta 1_:e a ppl 1ec1 Lo t lie c 11"lcu 1 t i·1a s rne a surec1 vr1 t Y1 an 
Electronics Associates Inc. Series 6001 digital voltmeter 
and, since the voltage drop across the current measuring 
resistor was small compared to that across the film, 
this voltage was considered to be the voltage appearing 
across ·the film. 
Absorption Spectrum Investigation 
The transmission measurements were made using a 
Cary Model 41 dual beam recording spectrophotometer 
, 0 0 
_operating over the 2,000 A to 25,000 A spectral region. 
These measurements were made on the film used in the 
specific resistivity determinations prior to forming it 
into the shape required for the resistance measurements. 
Transmittances were obtained with reference to a clear 
quartz substrate s·imilar to tha.t on which the films were 
deposited. These data were then analyzed, using the 
procedure a.nd theory discussed in the following., to 
investigate the effect of the control variables on the 
energy ·band structure of the TaNx deposits. 
Optical absorption in solids results28 from any of 
the six principal processes: 
.. 
1. ,Excitation of crystal vibrations. 
" 2. . Forma.t ion of', excriitoris. 
- ~· . 
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3. Presence of irnperfectlo11. 
4. electrons and holes within 
5. ExcitatJon of electrons across the gap from the 
valence band to the conduction band. 
6. Excitation of free electrons and holes from one 
band to another of the same type. 
Regarding the excitation of electrons across the 
forbidden gap, there exist not only the possibility of 
direct transitions (ak=o), but also of indirect transitions 
(~k*o) as indicated in Figure 6. Indirect transitions 
involve either the absorption of both a photon and a 
phonon or the absorption of a photon and the emission of 
a phonon. Theoretical expressions have been derivea25,26,27 
which permit a discrimination between direct and indirect 
transitions on the basis of the dependence of the 
absorption coefficient, a, on photon energy. For a direct 
' -
expectect29 transition the following dependency is to be 
., 
.... 
(Ept - E')oca.2 (3) g 
where E' is the energy gap for direct transitions and g 
Ept is the photon energy. For indirect transitions the-· 
·Lrollowing_dependency is to be expected 
(E -·~ E ) oc a1/ 2 . 
_pt . g . (4) 
' . ' ne~lecting the phonon energy' where Ept is the phot_on 
- .. '; ·. -
,t . • I 
~· ' 
·. eilergy and E~ · is the minimum energy separation between . 
the conduction and valence band.· 
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The transmittance of a film at any wavelength has 
been ~ho1·'n??,?3 to be give1·1 :.:: n ._ ._ ._ · by t 11 e r1 e 1 a t lo n : 
f) (1-R)c_ Transmittance= T = ------------ (5) 
ead_R~~e-ad 
· where a is the absorption coefficient in cm; dis the 
film thickness in cm; and R is the sample reflectivity, 
· a constant less than unity which must be detennined 
experimentally22,24. However, for small values of 
transmittance (T ~ .05 to .01) at wavelengths having 
a large absorption coefficient, and for films of 
• 
0 sufficient thickness (thickness greater than 1000 A) the 
approximation 
(6) 
can be made provided R is also less than approximately .2 • 
The equation for the transmittance candthen be given as 
(1 - R) 2 
T = ----ead 
C)l"' 
1 8
ad 
.. -• 
-
-
R)2 -T (1 
-
Then., since the Optical Density is defined as 
O.D. = log1o(l/T) 
equation #9 can be rewritten as 
1 Q.D. 
. '. .. 
1. 
+·. loglO 2 ( 1-R) 
. I 
(7) 
(8) 
(·9J 
(."1q) 
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and .for films 1n which R < .15 equation #11 can be 
approximated by 
1 , 
• O.D. (11) 
Therefore, the optical dens:ity is approximately proportion-
al to the absorption coeffic1ent29 (under the conditions 
specified) and the optical density can be used to 
investigate the energy band structure of thin films. 
The Optical Energy Gap of the TaNx films was 
measured by making use of the 'proportionality" between 
the absorption coefficient and the optical density, 
and the proportionality given by equation (3). Rewriting 
equation (3) gives 
(11-a) 
where Bis proportionality constan~ H:>w substituting 
fran equation (11) gives 
B Ept -~. E I :!: g, 
( c2.3026) 
d 
2 
2 [O.D.] (11-b) 
I 
Therefore, plotting o.n. 2 versus Ept yields a straight 
. 1,·,,\1,, ...... , ... ~· • 
line whose intercept on the ~taxis is approximately 
the Optical Energy Gap. 
From equation (.10) it can be seen that a plot of 
/. ol)tical density, at .. a particular wavelength, .as a function . 
'>1-i . 
of film thickness should yield a~ straight line whose 
, .• ·t. 
' .. 
',,--," 
. . ,•' t 
intercept on the optical density a.xis 1s· ·equal to 
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1 
log ( )~ from which the reflectivity constant R . 10 1-1:: C 
is deterinlned" rr111s tecl1n1qtie \·1as applied to those 
films sputtered by the conditions outlined in Table 2 
however, for reasons which will be given later, an accurate 
determination of R by this procedure was not possible. 
Analysis of Gaseous Impurities 
The tantalum nitride film that was deposited on 
the platinum substrate was analyzed by the Xenon Gas 
Discharge Methoctl9. These analyses were performed by 
Mr. W. G. Guldner of the Bell Telephone Laboratories, 
Murray Hill, New Jersey. This technique uses a Xenon 
r 
flash to release the gases from the film into an 
evacuated_ chamber; the volume of the released gas is 
-then measured; the gas is then fed into a gas chromato-
graph where it is analyzed;. and the atomic percent of 
each gas is then calculated. This analysis assumes that 
the film weight not a.ccounted for by the gas is due to 
the tantalum meta.I. The accuracy of detection for this 
,,_ 
'~ ~ 
technique is approximately~ .1% for a 1 mg sample 
weight; the a.ccuracy of detection decreasing as the 
sample weight decreases. Besides the a.t··· % nitrogen, 
· the at% oxygen present in the films will be of 
' ' 
' ';,• 
' . 
I 
particular importance because· of the large ·effect oxygen · 
can have on the properties o.f sputtered filmsl,:J..4,20. · 
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Structure Investigation 
The structure of the tantalum nitride films was 
studied using wide-film x-ray diffraction patterns, 
diffractometer traces, electron microscope transmission 
micrographs and electr~n diffraction patterns. The 
tantalum nitride films used for these investigations 
were the same as those used in the resistivity 
measurements. 
· The wide-film x-ray diffraction patterns were made 
using a wide-film cylindrical camera21 while the 
diffractometer traces were made with a General Electric 
model XRD-5 X-Ray Diffraction .Unit. In both cases 
copper radiation with nickel filtration was used, and 
the·TaNx films were still on the quartz substrates. 
For the electron microscope examinations, both an 
RCA Model EM-U3 electron microscope and a Hitachi Model 
HU-llA electron microscope were used. Transmission 
·photographs and electron diffraction patterns of the 
tantalum nitride, films were made ~Y stripping a section 
. of the film from the quart.z substrate using hydroflouric 
'· I 
acid and floating the· film ronto the carbon-coated, 
c·opper electron microscope grids with deionized water. 
The specimens we:re stored in clean_petri dishes prior 
to examination with the eleetron-microscope • 
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RESULTS 
X-Ray Diffraction Analysis 
1. Effect of Cathode Current Density 
• 
• 
Referring to Figure 29, it can be seen that for 
TaNx films approximately 1600 A thick the crystal lattice 
appears to be the same for each of the films regardless 
of the cathode current density used in their preparation • 
These diffraction patterns indicate that the most intense 
lines correspond to diffraction from a face-centered-cubic 
lattice. However, the lines of lesser intensity which 
are present in most of the photographs of Figure 29 do 
not result from a face-centered-cubic lattice. These 
extra lines·can arise from impurity phases, distortions 
to the lattice of the primary phase TaNx, or~from a \) 
combination of these. These extra lines will be discussed 
more fully in the section dealing with electron diffraction.· 
Based on the assumption that the TaNx is face-
centered-cubic the data pr~ented in Table 7, obtained 
using a. diffractometer, show that the value of' the lattice 
parameter a0 appears to remain constant at approximately 
0 
. ' 5.047 ± .007 A for those films sputtered at cathode 
current densities of .079(ma/cm2 and .158 ma/cm2. However, 
.. fo~ the ·TaNx films sputte~ed at cathode current densities-
. 
. higher than · .316 ma/cm·2 the lattice para.m·eter · a 0 ha.s. · ·I · · 
' + 0 · decrea:s·ea to approximateJ,.t, 4.-975 - .013 A. A minimum in 
" . . . 
' 
. . 
..,. 
·-, 
(' 
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the value of the lattice parameter a0 is seen to occur 
, r) 
at a cur·rer1t dcr1si ty of . 316 rna/ cn1c. 
Cons lderla tJ or1 of the line i·11d th data re corded in 
Table 7 which \vas obtained f1-.om i11tegrated l.ntensity 
measurements of the diffraction lines show that the 
(111) lines are broader than the (200) lines at all 
values of cathode current density. Observation of the 
cylindrical camera diffraction patterns shown in Figure 29 
support these measurements and also show that the (220) 
and (311) lines are broader than either the (111) or 
. (200) lines. These diffraction patterns also indicate 
that no obvious preferred orientation is present in any 
of the TaNx films prepared at the various cathode current 
densities. 
'-
The line width data of Table 7 also shOW.-that the 
width of the (111) and (200) diffraction lines for the 
films ···sputtered at cathode current densities of .079 
ma/cm2, 158 ma/cm 2 and .316 ma/cm 2 are essentially the 
same, whil~ that of the films sputtered at ·cathode current 
densities of .474 ma/cm2 and .632 ma/cm2 decreased to 
approximately the same value • 
• 
Regarding the relative in·tensity of the (200) 
,, .... 
diffra.ction ·11ne;. consulting. Table 7 shows that for 
. \ 
- ca.thode current. densities of .0.79 m~/cm2, .158 ma/cm2 
and .'316 ma./cm2. the r~lative ·intensity is approximately 
. , 
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• 25 whtle for films sputtcr·cd at cathode current 
densJt:les of .IJ.74 rna/cn1;2 ar1d .t)3:~ n1a/cm 2 the relative 
intensity has increased to approximately .40. 
2. Effect of Film Thiclmess 
Referring to Figure 30 it can be seen that the 
crystal lattice appears to be the same for each of the 
films regardless of the film thickness. These diffraction 
patterns indicate that the most intense lines correspond 
to diffraction from a face-centered-cubic lattice. 
However, as mentioned in the previous section, lines~ 
lesser intensity are pr~sent in most of the photographs 
of Figure 30, which do not result from diffraction from 
the face-centered-cubic lattice. 
Based on the assumption that the TaNx phase is 
. face-centered-cubic the data presented in Table.8, 
obtained using a diffractometer, show that the value of 
the lattice parameter a0 appears to lie in the range of 
4.975 ± .013 A. There a.ppears to be a small increase in 
a0 for the .316 ma/crn2 film when the thiclmess was 
increased from 1600 l to 2300 A. 
The line width data recorded ·in Table 8 show· that 
' 
the (111) diffraction lines are broader than the (200) 
-lines at all film thicknesses •. It can also.be observed 
-that the line width for both the (i11) and.(200) lines 
\vi\"· · 
· · ~ 
- is increa~ing with increasing film- thi.ckness ·for. the . 
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films prepared at a current density of .474 ma/cm2 
while the width off the (220) diffraction appears to 
decrease sornev1hat with increased thickness for the 
· same films. ~ ,• 
, 
The line width data recorded in Table 8 for TaNx 
films prepared at a cathode current density of .316 ma/cm2 
show that the width of the (111) diffraction line 
decrea~ed when the film thickness increased from 1600 A 
0 
to 2300 A while the width of the (200) diffraction line 
was relatively unchanged. When the thickness of the 
films sputtered at a cathode current density of .316 
2 0 0 ma/cm was increased from 2300 A to 3050 A the width 
of the {111), (200) and (220) diffraction lines increased. 
Referring to Table 8 shows that the relative 
integrated intensity of the (200) diffraction line 
(relativ.e to the intensity of the (111) diffraction ltne) 
increases with the increasing film thickness independent 
of the. cathode current density. The relative integrated 
'. 
intensity of the (220) diffraction lines, for the films 
prepared at a cathode current density of .316 ma/cm2, 
also appears to increase with increasing film thickness. 
However, .,for the films sputtered at a cathode current 
density of .474 ma/cm2, the relative integrated intensity 
.of the (220) diffraction line appears to decrease slightly 
\ 
· with increasing film thickne.ss. 
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3. Prese11ce of Other rra r1ta lum Nitride Pl1a ses 
Tr1e .lr1crease in relative intensity of the (200) 
di.ffrac t 1on line when the film thickness is increased 
,..~ 
from 1600 A to 2300 A is probably due to the increased 
thickness of the films. However ii1hen the film thicl{ness 
is increased from 2300 A to 3050 A the increase in 
relative intensity of the (200) diffraction line can 
probably be attributed to an increase in the amount 
and size of hexagonal TaN5,34 crystallites. This is 
assumed since a line corresponding to diffraction from 
0 the (110) plane, d = 2.57 A, was definitely observed 
in the diffractometer trace for substrate HHH-1 and is 
shown in Figure 31. Further evidence to support the 
presence of the hexagonal TaN can be found when it is 
notea5,34 that the diffraction lines ror the (110) and 
(101) planes of the hexagonal TaN lie on either side of 
the observed (200) line, d.= 2.57 1 and d = 2,423 t 
respectively. This proximity can give rise to "shoulders" 
or "tails" on the dif'fraction lines and therefore ,4 
contribute to the are~ under the (200) line. Therefore 
increasing the relative intensity of the (200) line as 
the c.ontribution of diffraction from the hexagonal TaN 
increased with film thiclmess. These "tails" o'r 
. 
. 
- "shoulders" were observed on tne diffractometer traces of 
substrates HHH-3; -mrn:~2, HHH-4 and an example is showri:~-i_p 
• Figure 32. 
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Electron Microscope Investigation 
' . 
1 • Tr' a r1 ~~~ r n 1 s s :L on r~·1 i c r or~ r) a p 1·1 s 
Consi.deration of the transmission micrographs shown 
in Figure 27 indicates that all of the TaNx films are 
•· discontinuous, possessing pinholes and/or voids 
throughout the films. However, the size., number and 
location of these defects appears to be a strong function 
of the cathode current density used in sputtering. The 
defects are located at grain-boundaries and in the center 
of what appears to be large grains for those films 
sputtered at .316 ma/qrn2 and less,where as for those 
films sputtered at higher cathode current densities the 
voids and pinholes are confined to the area of grain 
boundaries. It can also be seen that, at the higher 
cathode current densities, the "whiteness" of the voids 
bet~een grains appears to be decreasing indicating that 
the films are becoming more continuous due to increased 
coalesence of the grains. The increased coalesence 
arising· from both the increased m_oMlity of depositing 
particles on the substrate, due to higher substrate 
temperatures a.ssociated with higher cathode current 
densities, and the increased number of atoms arriving 
(deposition rate) at the substrate at· the higher cat~oq_~_ 
current. densities35 •. 
The electron rriicrographs of' F:igure~ 27 ·also show that . 
, at· ·the low cathode curren~ densities_· ( less t.ha.n -.• 316 ma/cm2) . ., . . 
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the TaNx films consist of lar~e grains in a fine grain 
matrix and, as the current density is increased up to 
approximately .316 ma/cm2 the grain size appear to become 
more uniform with the number, of large [;.r·aJns increasing. 
At higher current densities the grain size becomes more 
uniform and tl1e grains appear to be smaller than those 
in the films prepared at lower current densities. 
2. Electron Diffraction Patterns 
Referring to Figure 28 shows that the four diffraction 
lines observed in the x-ray diffraction patterns are also 
observed in the electron diffraction patterns. However, 
it ·can also be seen that many other lines are also 
present indicating that either impurity phases are present, 
or that the face-centered-cubic lattice is not the correct 
• 
crystal lattice for the TaNx films, or a combination 
of both. 
Indexing of the electron diffraction patterns showed 
that.,_· within the accuracy of the procedure, the TaNx 
films possessed a body-centered tetragonal lattice as ) 
. 
well as the impurity phase of hexagonal TaN5,34. The 
data relating to this analysis is. presented in Table 9.· 
These results also indicate that the films sputtered at 
low cathode current densities (less than .316 ma/cm) 
have the largest value for t~e lattice parameters c and 
.a. Consulting .the diffraction patterns in Figure 28 ·a·1So 
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shows that these films have the weakest diffractions 
from the TaN impurity phase as well as frcrn the (11~, 
(112) and (301) body-centered tetragonal plane a. The c/a 
ratio for all of the sputtered films appears to be 
relatively constant at approximately o.87. 
Based on a comparison of the intensity of the 
hexagonal TaN diffraction lines for the various substrates 
in Figure 28, it appears as though the concentration 
of TaN is increasing as the sputtering current is 
increased. 
Optical Absorption Measurements 
1. Optical Energy Gap Determination 
Using the optical density measurements recorded in· 
Table 15, plots of the square of the Optical Density 
([OD] 2) as a function of photon energy {hv) were made 
for each of· the TaNx f'ilm~ sputtered according~~. to the 
conditions outlined in Table 1. Typical examples of 
these curves are ~hown in Figure 21. It was observed 
from these plots that for large values of optical density, 
·' 
approximately 1.74 to 2.00, a straight line fits the~ 
. 
data. very well so that. equation 11-b is applicable. 
The straight line was therefore extrapolated to the 
. photon energy axi~_ in order to provide an estimate of·· 
the optical energy gap of each fi·lm. The value of the . 
optical ·energy gap obtained for e~ch of the films is 
' 
•· 
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• 
recorded in Table 3. 
The magnitude of the optical energy gap of the TaNx 
was then plotted against cathode current density, as 
shown in Figure 22. The optical energy gap generally 
decreased as the cathode density increased. It can also 
be noted that the effect of the cathode current density 
was most pronounced at the lowest (.079 rna/cm2) and the 
highest (.632 ma/cm2) cathode current densities. 
Plots of [OD] 2 as a function of photon energy 
(hv) were also made for the TaNx films sputtered 
\ . 
according to the conditions outlined in Table 2, using 
the data tabulated in Table 16. Typical examples of 
these curves are shown in Figure 23. As previously 
mentioned, it was found that equation 11-b could be 
applied to these data and approximate values of the optical 
energy gap were determined for each of the films. These 
values are recorded for each film in Table 4. 
The value of the optical energy gap was then plotted 
·as a function of film thickness for the two cathode 
current densities as shown· in Figure 24. It is apparent 
that the observed energy gap is strongly dependent on 
/ 
film thickness, decreasing as the thickness increases. 
For the films prepared with a cathode current density or 
. 
. 
· .316 mi/cm2 the decrea·se is nearly linear with increasing 
thickness. .For the film p~pared at a cathode current --
. . 
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dens1ty of .474 ma/cm2 the decrease is not apparently 
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d e c r· e a c; e J ~; rn ll c l 1 la r .. g e 11 for t r1 e . l+ 'l L+ ma 11 c n1 ~2 f 11 rn s than 
the .316 ma/cm2 ones over the same range of film 
thicknesses. 
~ The variation of the optical energy gap with both· 
cathode current density and film thickness are probably 
due to changes in the gas content of the films which 
alters the bonding arrangement between the various films 
and therefore distorts the energy band configuration 
between f~. 
r· 
2. Measurement of Reflectivity Constant R 
·When plots of optical density, at a specific wave-
·t· length, as a function of film thickness were made according 
to the procedure outlined previously, it was found that 
the data did not fit a straight line as required by 
equation 10. TyP.ical examples of these plots are shown , 
in Figures 25 and 26. Referring to these ~igures, it 
. 0 can be seen that when films of thickness 2300 A and 
0 
3050 A were used, the straight line drawn between their 
optical density values gave a negative intercept on 
tfi 
the optical denff.1..ty.axis. However, when the films of 
. ,. 
. 0 0 thickness ·1600 A and 2300 A were. used, the straight line 
drawn between their optical density values·resulted in 
a positive intercept on the· optical density axis. 
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Therefore, because of thio non-linear relationship of 
thiclcness to the optical density, any attempt to measure 
the reflectivity constant R was deemed futile. However, 
because of the relatively good fit of [OD]2 to a 
straight line when plotted versus photon energy it 
was concluded that R should be less than 0.2. 
Electrical Properties 
.• 
1. Effect of Cathode Current Density and Film Thickness 
on Resistivity at 20°c 
Referring to the data in Table 3, a plot of the 
resistivity at 20°C as a function of cathode current 
. . 0 density was made for TaNx films approximately 1600 A 
and is shown in Figure 15. It can be seen from the 
figure that as the cathode current density was increased 
~ the resistivity of the films at 20°C decreased. 
L 
. 
The resistivity of t-he TaNx· films at 20°C was 
also plotted as a function of film thickness, as showh 
in Figure 16, for those films sputtered according to 
the conditions outlined in Table 2. The data for these 
f 
curves is tabulated in Table 4. The· curves of Figure 16 
show that as the thickness of the TaNx films was 
increased the valu~ of the resistivity at 20°C decreased 
for both cathode current densit4es used. Based on this 
· -result, the scatter shown in Figure 15 at low cathode 
. . 
. current. densities could b~ attributed to the variation 
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in resistivity wlth film thickness since the film 
prepared at .079 ma/cm2 was thicker than that prepared 
at .158 ma/cm2. 
2. Resistivity as a Function of Temper~ture 
Plots of the natural logarithm of the film 
. 
resistivity as a function of reciprocal temperature 
in the temperature range of -60°C to +100°C were made, 
using the data recorded in Table 10, for each of the 
films sputtered according to .the conditions outlined in 
Table 1. These curves are presented in Figure 12. 
· Similar plots were also made, using the data tabulated 
in Tables 11 and 12, for those films sputtered in 
accordance with the conditions outlined in Table 2 and 
are shown in Figures 13 and 14. 
Observation of these plots shows that the data 
fits a straight ·line fairly well so that tte resistivity 
of the TaNx films as a function of temperature can 
I 
·be expressed by the relation 
P = Po exp (4E) 
KT 
. ' 
Th{ term E 1s the slope of the stra.ight line in 
electron-volts and will henceforth be called the 
: "activation energy." Actuall·y., the data fit a line having 
slight -curvature, however, this Was neglected to sim,J.ify 
···~he ana·lysis. 
· · ~ .The· activation energy for. each of ·th~ TaNx films, 
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sputtered according to the conditions of Table 1, was 
cornPtlted .rr·orn tl1e plot:~: of F1 lgur1 e l? arid ls r1 ecortded 
in Table 3 for each cathode current density. A curve 
of the ~ctivation energy as a function of cathode current 
density is shown in Figure 17, and from this it can be 
seen that as the cathode current density increased the 
activation energy decreased for films or approximately 
the same thickness. 
Using the plots of Figures 13 and 14 the activation 
energy was computed for each TaNx film sputtered according 
to the conditions of Table 2, and is recorded in Table 4. 
Plots of activation energy versus film thickness were 
then made for the cathode current densities of .316 ma/cm2 
and .474 ma/cm2 as shown in Figure 18. Consideration 
of these curves show that, in general, the activation 
energy decreased as the film thiclaless increased. 
3. Voltage-Current Measurements 
Using the data tabulated in Tables 13 and 14 for 
the TaNx films sputtered according to the conditions of 
T~ble 2, plots of the logarithm of the resistivity ratio 
·versus the square root of the applied voltage were made 
.. 
and are shown in Figures 19 and 20. These curves show 
that at large values.of.applied .voltage the TaNx films ,\9 
' 
· de·viate from, ohm I s law after some critical voltage is· 
. . 
-... __ . 
· reached; the resistivity decrea·sing .with increasing 
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applied voltage in excess of the critical voltage. 
0 With the except lon of the 2300 A fllm ir1 F11F~Llr)e 19 
it can be observed that the magnitude of the effect 
and slope of the straight line decreased while the 
critical voltage increased as the thiclrness of the 
sputtered films increased. It should also be noted 
that the two films in Figure 20 that followed nearly 
the same straight line also had essentially the same 
activation energy. 
Film Density 
Using the data recorded in ~able 3, a plot of the 
film density as a function of cathode current density was 
made for those films prepared by the conditions of Table 
1 and it is shown in Figure 10. Referring to this ) 
curve, it can be seen that the density of the sputtered 
films increased from 7.2 grn/crn3 at the lowest cathode 
current density to 10.5 gm/cm3 at the highest. It is 
interesting to note that~the ~ilms sputtered at .079 
ma/cm 2 and .158 ma/cm~ had essentially the sa.me density. 
Plots of film density. a·s a function of film thickness 
were also made, using the data of Table 4, :for those TaNx 
films sputtered by the conditions of Ta.ble 2 and ·ar.e 
shown in Figure 11. It can b.e s~en from these plots 
t, ~ 
that the density increased with increasing film thickne·ss 
regardless of the cathode current density and, .that the· . 
. . . 
rate of ·_increase of' density with film thickness was also 
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independent of the cathode current density used. 
Gas Content of the Films 
1. Effect of Cathode Current Density 
Using the data tabulated 1n Table 5, a plot of the 
atomic percent of the contained gases as a function of the 
cathode current density was made for those films prepared 
by the conditions of Table 1 and is shown in Figure 7. 
Referring to these curves it can be seen that the total 
amount of gas contained in the film decreases with in-
creasing cathode current density. The nitrogen content 
of the films however, appears to reach a maximum value , 
between cathode current densities of .316 ma/cm2. It 
can also be seen that the concentration of impurity gases 
{oxygen, hydrogen and carbon) decreases with increasing 
cathode current density. 
The reduction of contained impurity gases with in-
creasing cathode current density has been observed by 
other investigators36 and ~s attributed to the higher 
, deposition ra.tes which are associated with large cathode 
... 
current densities. An increase in the· deposition ra.te 
with cathode current densitl ror the TaNx films is.shown , 
in Figure 9. 
The origin of th~hydrogen; carbon and oxygen im-
. ' 
- 6 . 
. pu.rity gases has been attributed3 ,37 to- the reduction 
/ .. :of- water vapor~ desorbe~ from surfaces by th~ action -o.f 
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the ion and electron bombardment, or the cracking of hy-
drocar)bo11s, present becat1se of bacl{ntr"lean1inf; of pusnp oil, 
by the glow discharge. The impurity gases are probably 
incorporated into the films because of the fast pumping 
action, "gettering", observed for freshly deposited ma- "' 
teria136 • The decrease in the total gas content with in- .. 
creasing cathode current density implies an increasing 
tantalum content and could possibly arise from the hexa-
gonal TaN phase which, from the electron diffraction 
patterns, appeared to increase with cathode current 
density. 
2. Effect of Film Thickness 
Plots of both the total contained gas and nitrogen 
content as a function of the film thickness were.made, 
using the data of' Table 6, for those TaNx films sputtered 
by the conditions of Table 2 and are shown in Figure 8. 
Referring to the-figure it can be seen that the total con-
tained gas content increased with increasing film thick-
o ness, but appears to have leveled off for the 3050 A films. 
The films sputtered-at the highest current density having 
the least total contained gas. 
The curve of Figure 8 also ·shows the nitrogen content 
'• 
b,1:··· the films to incre.ase with film . thickness. It can be 
. seen. th~t. the nitrogen content of the ..... 474 ma/cm2 films 
0 
· · appe~rs to have sta.bilized at a: tbickness of 3050 A where 
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as that of the .316 rna/cm2 films appears to be continuing 
to increase with film thickness. 
Referring to Table 6 it can be observed that the 
carbon and oxygen conte'nt increased slightly between the 
0 0 
1600 A and 2300 A films but decreased wJth a further in-
o 
crease in thickness to 3050 A. The hydrogen content of 
the films was also found to decrease significantly with 
ncreasing film thickness. These effects would probably 
result if most·or the residual impurity gases were 
getterea36 in the initial stages or the deposition. 
Plots of total gas content and nitrogen content as 
a function of film thickness were also made, using the 
data of Table 6, for those TaNx films sputtered by the 
conditions of Table 2 and are shown in Figure 8. It can 
be seen that the total gas content increased with film 
0 
thickness, but appears to have leveled off ror the 3050 A 
··-f 1 lm s. The highest current density films having the lea.st 
total gas {the most tantalum). The curve or Figu~e 8 also 
shows the nitrogen content to increase with thickness •. 
. . 2 
The nitrogen content _of the .474 ma/cm appears to have 
stabiliz~d whereas that of the .474 ma/cm2 films appears 
·to be continuing to increase with thickness. 
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DISCUSSION 
Structure of TaNx Films 
The results of the electron diffraction analysis 
indicate that the assumption, based on the x-ray data, 
of a face-centered-cubic crystal lattice for the TaNx 
films is not correct. The correct crystal lattice for 
these films appears to be body-centered tetragonal • 
Therefore, using the d-spacing measurements in Table 7 
the following c and a values for the body-centered 
tetragonal TaNx films can be calculated. (These 
calculations use the (111) plane of Table 7 to be the 
bet (200) plane and the·200 plane of Table 7 to be the 
bet (002) plane.) 
-, 0 0 C 
-.870 Substrate HH-5 a = 5.806 A .c·: = v.050 A !' .= 
Substrate HH-3 a - 5.836 l C - 5.058 A C - .867 -
- -a 
0 0 
C -
.867 .Substrate HH-2 a - 5. 728 A C = 4.964 A -
- -a 
HH-4 0 0 C -
.868 Substra.te a - 5.746 A C - 4.990 A 
- -a 
5.758 0 0 C - .867 Substrate HH-1, a - A C - 4.990 A -
-
-
a 
From these calculations it can be seen that the c/a ratio· 
is· essentially invariant over the range of cathode current 
densities investigated. It can also be seen that the 
values of both c and a are larger for the films sputtered 
/ at low cathod·e· Gurrent densities than those prepared a~ 
. / 
·high cathode current densities with a minimum value for 
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both c and a being reached at .316 ma/cm 2 (substrate 
HH-2) ., Since tl1e volt1rne of a tetragonal unit cell is 
given as a2c it can be seen that the volume of the unit 
cell for films prepared at current densities of .079 ma/cm2 
and .158 ma/cm 2 is greater than that of the films prepared 
at current densities of .474 ma/~m2 and .632 ma/cm2 
while the volume of the unit cell for the film prepared 
at .316 ma/cm2 is the smallest. The result of the variation 
in volume of the unit cell, together with the facts 
that the low current density films have a large part 
of their area void of deposit and that the hexagonal 
TaN is more prevalent in those films sputtered at 
high current densities, can be combined to account for 
·· the increase in film density with increasing current 
density and with increasing film thickness. The films 
prepared at low current densities have more pinholes, 
larger unit cell volume and very little hexagonal TaN 
where as .the films prepared at large current densities • 
have a smaller unit cell, are more continuous and have 
a larger percentage of the -.more dense hexagona-1 TaN. 
Referring to Table 8 ·the following c and a TaNx films: 
Substrate HH-2 
. Substrate HHH-3~ 
Substrate HHH-2 
. Su.bstrate HH-4 · 
0 
a. = 5. 728 A 
a .. = s· •. 772 l. 
' .0 
a= 5.758 A 
. 0 
a= 5.746A .. 
. I 
•o 
c = 4.964 A 
c = 4.990 A 
0 
c = 4.990 A 
0 
C = 4.990· A 
:c ~ = .867 
c_~ 
,r -
C -
- -
a 
C = ... a,·. 
.867 
.868 
. ) . 
' ...: 
. , . 
• -c ~ • > I '• ;. -t '. 
. , 
'.· .. 
.- ".;:, '._\,'. 
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0 0 Substrate 1{!-I}-{-4 a 5.772 A C 4.976 A C .862 - - -
-
-
0 a 
0 Sub~1trc1te: lIII1I-l a 5.772 A C - 4.990 A C •· -,r .865 - --
-a 
From these calculations it can be seen that only the 
2 film sptlttered at .316 ma/cm , substrate HH-2, showed 
any appreciable effect of thickness on the values of 
c and a. For this current density the thinest film had 
the smallest value of a and c, with further increases in 
thickness these values remained essentially constant 
and consistent with the values of c and a for the films 
sputtered at a cathode current density of .474 ma/cm 2• 
Based on these results it must be concluded that the 
observed increase in d.ensity with film thickness, shown 
in Figure 11 must be due to both the increased film 
. continuity and the increase in the amount of the con-
tained hexagonal TaN,observed from the results of the 
x-ray diffraction studies. 
The observation of a tetragonal lattice for the 
12 TaNx films is in agreement with Read's hypothesi~ of 
': « the CaF2 structur~ si_nce some crystals possessing this 
structure ha.ve been observed to distort into a tetragonal 
12 · lattice • The body-centered tetragonal distortion of 
the proposed CaF2 ~tructure also accounts _for the large 
discrepancy bet~een_observed and th~oretical density12 
since the volume of the body-centered tetragona.1 lattice,_ . ... •· .. 
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is approximately 22.4% to 26.8% greater than that of a 
Ci 
.I! r; C) A-
-- " ~ 
to 8. 9 f3JTI/ crn3 v1hic r1 1 s 111 close a green1er1 t \~11th t l1e v a 1 ue 
reported by Reactl2 and in this investigation. The 
body-centered tetragonal Ta3N5 reported by Brauer and 
Weid lein6 had a much larger) density ( 9. 85 gm/cm3) and 
0 0 
unit cell (c = 3.8998 A, a= 10.265 A) therefore 
eliminating this as being equivalent to the TaNx films. 
The density value of 8.5 gm/cm3 for Ta3N5 reported by 
Moreau and Hamblet8 is very close to that of the TaNx 
films however no crystal structure was given for the 
material. 
Based on the above analysis it seems possible 
that the tetragonally distorted CaF2 structurel2 is_ 
possessed by the TaNx films. A small distortj_on possibly 
arising from substitution of hydrogen, carbon, or oxygen 
into lattice positions nonnally occupied py nitrogen, 
with further distortion arising from incorporation of 
these gases into the distorted lattice in some of the 
' 
I- ' 
remaining voids. The theoretical density of this 
: 
structure would lie in the range of 8.4 gm/cm3 
. . 
· to 8.9 gm/cm3 depending on the unit cell size with · .. 
a·eviat ions a.bove this rang~ being accounted for by the 
I . 
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presence of the heavier hexagonal TaN phase and 
deviations below the theoretical value being attributed 
to the presence of pinholes and/or discontinuities in 
the films • 
ElectrJcal Properties 
' 
Consideratlor1 of the resistivity of the TaNx 
films as a function of temperature has shown that the 
resistivity follows the relation 
p = p ' exp ( ~E ) 
o KT 
where E decreases with increasing film thickness and 
with increasing cathode current density. The voltage-
current measurements have showp. that the resistivity.of 
the TaNx films decreases with increasing applied voltage 
at large values of applied voltage. Therefore, based on 
these observations and consideration of the various 
characteristic conduction mechanisms in thin filrns31, 
has led to the conclusion that "intergrain tunneling" 
is the conduction mechanism or the TaNx films. The 
results of the electron microscope investigations also 
lends support to this hypothesis since, it will be 
. 
. ., recalled, the structure of the films, was seen to be 
discontinuous having individual or groups of grains 
. " 
' 
,1sol~ted from one anothe~ by voids ·1ocated at the grain. 
;,'·. ._ -~ •,:· I /' .'1 
;,f ·~' / ', 
··.boundaries. 
-- . ·----. 
•· 
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A model for intergra tr1 t11nr1e ltng \•1hlch rol1t:hl:l can 
explain the effects exper·lrr1entally obser)ved ir1 tl1ls 
1nve~Jt1,_~atior1 1s a rnodified form of that proposed by 
Neugenbauer and Webb33 to explain conduction in metallic 
"island films. 11 Based on this model the resistivity 
can be given as · 
exp 
2;4., r 
KT 
-where r = effective island diameter 
-R - effective distance between islands 
= dielectric constant of the material which 
isolates the islands from one another 
:·n = transmission coefficient which can be expressed 
as 
-
B exp 
-4rR -~ 
h V 2rn¢' 
m = effective mass of electron 
I= potential barrier between island 
On the basis of this model. the electrons required for 
conduction are genera.tea., within the indivi~ual TaNx 
I 
isla.nds, thermally from donor levels in the energy ga.p. 
These donor levels probably exist because of the presence 
of impurity gas atoms or result from damage to the 
crystallites during sputtering • 
. 
This model predicts that the activation energy 
~ 
observed for conduction by.1ntergrain tunneling is 
determined -by the size.of the islands; as the island 
'• 
.,. ; 
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size J.11cr·eases the actJ.vatJor1 energy decreases. Recalling 
that ac; tl1e catl1c)de ct1r·rer1t dens:Jty ir1cr>eased tl1e 
activation energy decreased the model requires that 
-r, the island size, increases with increasing cathode 
current density. Since higher cathode current densities 
mean higher substrate tern~erature one would expect the 
TaNx films to be more continuous, due to the increased 
mobility of the depositing particles on the substrate 
-
surface, and therefore have a larger r. To support 
this, consider that the electron transmisa\on micrographs 
also showed the films to be more continuous as the cathode 
current density increased. It should also be noted that 
the activation energy decreased as the film thickness 
increased and, since it has been shown3°,3 2 that island 
size increases with film thickness, the model is in 
agreement with the observed phenomenon. 
The intergrain tunneling model has also been shown 
by Neugenbauer and Webb33 to account for a deviation from 
Ohm's Law behavior at high applied voltages. The 
.r 
complete equation governing the conduction is given by:· 
-
r 
P = -2 2 
RQD 
exp 
i/41re r 
KT exp 
-2A V 
-
-R 
1/ 
2 
. r where V = applied voltage 
;· 
.. · ......... A = constant· 
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This model predicts that at lar·ge applJed voltag:es tl1e 
resistivity of the films should decrease with increasing 
applied voltage according to the relation 
Log 
e 
3 1/2 V 1/2 Resistivity@ V=O i 2A __ 
ResistivJ.ty 
after some critical voltage is reached. The model also 
predicts that the critical voltage decreases as r increases 
-and that the slope increases as R decreases. In essence, 
this model states that as the films become more continuous 
the effect of the applied voltage will be more pronounced. 
In these investigations it was found, in all cases that 
the resistivity decreased at large applied voltages and, 
Resistivity@ V=O 
as a also, that the plots of loge Resistivity 
function of v112 were linear after some critical voltage. 
However, the slope, magnitude and critical voltage of 
the effect are not consistent with the proposed model; 
the slope, magnitude.and critical voltage proceed in 
the correct direction with increasing ft ( calculated from 
-activation energy) until a range of r is reached after 
which the slope and magnitudes of the effect decrease 
' 
while the critical voltage increa.se with further incre_ase:s.-
-
. ~ 
. in r. This obvious deficiency in the model can b~ 
accounted for.by n~ting that .Neugenbauer and Webb33 
. 
• 
derived th~ir model for the field ~ffect by considering ~-
' 
' a film made up of metallic islands in which the electric 
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field existed only between the islands. 'I'he Ta \T ~,. rt l n1 s 
- .- J,' * .. i\.,, ..... ·- ' "-
l(; 11 a iJ ('• 11 c::, e t··1 ,-. '1---L o· 1 ,.r r·1 °1 t) ~t· ·, }··1 ·j ,:-, 3· 1-'l d () 1': i ... 1 e- 1'1 J n v· 0 _ ,. -t·· ., er 0 4 · 1 (0· n c~ - t· 0 1 • ~ L _ ~ ~ . ...._, ~ , . __ ~ . -~- u c - . r . ~ • ~.::; •J L, J 1. J c..1 1.., .... .. • 1...) 
metallic so that not all of the electric field must 
appear across the gap between the islands; a significant 
portion of the electric field could be supported by the 
islands of TaNx· Therefore, it would seem reasonable 
-that there would exist some critical island size r 0 
above which the field appearing across the gap is 
lessened because a larger portion of the ~pplied voltage 
will appear across the large TaNx islands. In other 
words, above some critical island size the average 
electric field, for any applied voltage, appearing across 
each gap is decreasing as the island size is increasing , 
Q 
thereby causing the critical voltage to increase while 
I 
the slope and magnitude of the field effect are decreasing. 
In _support of this consider the observation that the 
0 
2300 A film HHH-3 had a lower critical voltage, larger 
slope and effective island size (the island size, according 
to the model. is inversely proportional to the activation 
0 0 
energy) than the 1600 A HH-2, however the 3050 A film 
.HHH-2 had a higher critical voltage, smaller slope but 
4 
. 0 
. ·1arger effective island size. than the 2300 A film·. Since 
it does not appe~r.reasonable that the effective distance 
between islands decrea.sed appreciably, the effect o:r 
I. 
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the ir1crea::Jed 1.sland s1ze n1t1ot be considered dominant 
betv1een thc~3c tTt'JO fJlrT1 tl1:lcl{r1esses. In f1..1rt11er support 
of the dominance of the effective island size, consider 
0 
the curves of Figure 20 where both the 2350 A film 
0 
HHH-4 and the 3000 A film HHH-1 have approximately the 
same effect:ive island size (approximately the same 
activation energy) and, within the accuracy or the 
measurement, the same critical voltage and slope for 
their respective field effect plots. However, the 
0 
1600 A film HH-4 which had a smaller effective island 
size also had a smaller critical voltage and larger 
slope to its field effect plot. 
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Co 1,. re 1· lJ r, T ... ,..r c, . l \J I ;~) ~•. ( ) 1\ ,.) 
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The principal conclusions from this study are 
summarized below: 
1. The resistivity of the TaNx thin films followed 
the relation 
~E/ p = p 0 e KT 
where ~E, the activation energy, decreased with increasing 
cathode current density and with increasing film tticlmess. 
2. The resistivity of the TaN films deviated 
X 
from Ohm's Law at liquid nitrogen temperatures under 
the influence of large applied voltages. 
3. An "Intergrain Tunneling" model, similar to 
that of Neugenbauer and Webb33 was found to qualitatively 
explain the resistivity of the TaNx films as a function 
. of temperature. The model also explained the observed 
. 
field effect, but only·for films where the effective 
island size was below a critical value. The breakdown of 
the model was attributed to the fa.ct that the TaNx films 
·were not metallic, as was assumed in the Neugenbaue-r and 
Webbs model, and could therefore sup~ort a ·portion of 
... 
~-applied voltage. In this manner, it. was reasoned, 
---, 
I 
a critical island size would be reached where·the field 
e.:ffect would decrease with increasing film thickness. 
J 4 ' .. . The TaNx deposits were observed to have a.n ·"'·' . >; ' .. .· ·. 
. . . . ' ' f·, 
opti·cal energy- gap where the tra.nsitions from the valence 
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ba11d to the cond11ction band \6/er1e of the cJJr·ect t:ype 
(al{ = O). It v1as also o1Jserved that t.hc 01)tJcal energy 
gap decreased, in general, with increasing cathode 
current density and increasing filrn thJck:ness. 
5. Structt1re i11vestigatio11 s110-v1ed tl1e rraN films 
X 
to be discontinuous with the continuity of the films 
increasing with increasing cathode current density. 
6. Electron diffraction investigations showed 
the TaNx films to possess a body centered tetragonal 
0 lattice for which the c and a values were 5.06 A to 
0 0 0 
,4.96 A and 5.81 A to 5.73 A depending on cathode current 
densigy and film thickness, however c/a = .868 under all 
conditions. 
7. Both the electron diffraction and x-ray diffrac-
tion gave evidence that the hexagonal TaN phase was pre-
sent in the TaNx thin films; It also appeared that the 
amount of contained hexagonal TaN increased with increasing 
cathode current density and film thickness. 
· 8. The x-ra.y diffract.ton investiga.tions~o showed 
.. 
that the deposited TaNx films were deposited with no 
observable preferred orientation of the crystallites. 
~ 
9. · ~he results of the ga.s analysis showed the 
ni.trogen .content of- the films to be least at the lowest . . 
. 
and highest cathod_e current densities with a maximum in 
-nitrogen content being reach~d between current densities· 
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2 of .316 ma/cm2 and .474 ma/cm • It was also found that 
the nJt,r·og:en content increased with increasing J'ilm 
thickness regardless of cathode current density used. 
0 The nitrogen content of the 3050 A films were approxi-
mately 65.76 At.% for the .316 ma/cm 2 films and 63.96 
At.% for the .474 ma/cm 2 films. 
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SUGGESTIO~JS FOR FUTURE \I/ORK 
The results of t!1ls study and the experience gained 
from the experimental work suggest the following areas 
in which future worl{ could be fruitful. 
(1) A more extensive investigation into the 
conduction mechanism both thru and across TaNx films. 
(2) A comprehensive study of the effect of 
annealing on the structure, electrical and optical 
properties of sputtered TaNx films. 
(3) A study of the effect of various cathode 
voltages on the structure, electrical and optical 
properties of sputtered TaNx films. 
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TABLE 1 
Sputtering Conditions for Films to Evaluate the Effect of Cathode Current Density on the Film Parameters 
Sputtering 
Voltage (Volts) 
,...,-
4500 
4500 
4500 
4500 
4500 
:-'\.:.,,,.. 
.. 
·-.·:, 
-, T • 
-. r -
Cathode Current 
.. 
• 
Density 
ma (cm2) 
.079 
.158 
.316 
.474 
.632 
. , ,; 
.. 
·' 
.-... 
- _;. 
' ',, ,, 
Deposition • 
Time Thickness (min.) (A) 
165 1600: 100 
1600 + 90 100 
-
46 1600 ± 100 
,I 31 1600 ± 100 
. . 
25 ·-1600 ± 100 
... 
··,· 
.. 
C 
• • 
.. 
·.,: "· 
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·· .. -·· 
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TABLE 2 
(,) 
.. , 
Sputtering Conditions for Films to Evaluate the Effect of 
Film Thickness on the Film Parameters 
.•. 
,1::,:, 
., 
·"-° 
Sputtering 
Voltage 
(Volts) 
4500 
4500 
4500 
4500 
4500 
4500 
·l., 
., : i: 
\ 
I 
·\. 
,; I 
\ 
:I 
·j • 
. 
. 
·.\. ·. 
: ... · . 
. ' 
1 .... 
"!'·· 
'\ ~. 
<L,,. . . . ' : . 1 .· . 
'' ' ' ' 
., - .. ', ~-i • ': - -
' ' .' . / 
Cathode Current Deposition 
Density Time Thiclmess 
ma (min.) (A) ( cm2) 
• 316 46 1600 ± 100 
.316 66 2300 ± 100 
.316 87 3000 ~ 100 
.474 31 1600 ± 100 
.474 45 2300 ± 100 
.474 60 3000 ± 100 
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Data Summary ~or the TaNx Films Prepared According to the Sputtering Conditions .: Outlined in Table 1. • A • \ 
- .\ 
.. __ _ · Cathode 
· :·_:$11b. Current 
· _,:_·•·-:No. Density 
ma ( cm2) 
·,_, HH~5 ... · .079 
. HH-3 .~:1-58 
> .' -
. . 
· .. HH-i· -·.316 
.• 
· HH-'* .474 
.--~. 6 
· · ,_~- HH-1 • ..3,2 
\ ·. 
'· 
. -.- :-·,, 
._ .·· --~.._ ~ ·-
- . ' ._· ·, '1 
.'.···l·-·-; 
-~. _~;:~ /-: 
--
--:-- . . '- ~ .... ~- . -
. ~ .. :_ r,.. _. 
. ~--
--;_, ........ 
. :. ........ ;, .- .·-1_' ,· ',. 
~ - .. 1 ~-- . • _ :~ 
"'~- - .· :: - ~-_;-
.- -• - -
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- . ~ 
.:..·,·· 
- . - - ~-. ' .. - . 
-.'· 
=-. ':·.,-_ ,-
·- ,,/"·., 
. . ' : ; l. 
·,; .. 
Film 
Th. 
(A) 
1625 
\ 1575 
1600 
1600 
1550 
' 
! 
Film 
Resistivity 
@ 20°c 
(ohm-cm) 
·9,764 
17.,670 
1.,667 
156.8 
8.84 
·~. 
Activation 
Energy 
(ev) 
.261 
.281 
.202 
.160 
_ .115 
... 
'. .. 
• . 
. I 
I 
· Optical 
Energy Deposition Film Nitrogen. Gap Rate Density Press11re 
0 
{gm/cm3) (ev_) (A/min.) (microns) 
2.57 9.9 ·7. 2 15 + 1 ...... 
-
' · ·2.49 17.5 7.3 20 -l- 1 ' 
-
• 
2.50 34.8 8.6 29 + 2 
-
/ 2.46 51.6 9.2 36 + 2 
-
2.36 62.0 10.5, 43 + 3 
-
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TABLE 4 
· · ··" Data ·summary for the TaNx Films Prepared According to the Sputtering Conditions Outlined in Table 2 
·-
· Substrate 
Number 
HH-2 
HHH-3 
.· .. ·HHH-2· 
HH-4. 
-
HHH-4·. 
HHH-1; 
. · . - ' 
' !·.· -· 
:J ~ 
-
- - - . l 
. . . . .. j .. ..... 
~ ._ . -\ ' - . f ... 
J . 
. •. ·• :-: c . . j . - . 
:1 . 
. :·-_ < . . 
. t ' .. - : . -
. ·'.. . i : . . .. ,· .:: ... ' . 
. . ... , .. ;; . . \ : _ _ · . . .. . 
. ....... t ·· • .• . 
r :· - . ·~ - -
. ~ . 
Cathode 
-Current 
Density 
ma (cm2) 
.• 316 
~316 
.316 
.474 
.474 
·.474 
• 
·,:-:-, ·: ' . 
Film 
Thickness 
(A) 
1600 
2300 
3050 
1600 
2350 
3050. 
_, 
. 
Film 
Resistivity 
@ 20°c 
{ohm-cm) 
1667. 
1419 • 
104.9 
156.8 
28.6 
9.80. 
' 
\ 
Activation 
Energy 
( ev.) 
.202 
.193 
.146 
.160 
.117 
.119 
.. 
• 
.. 
Optical 
Energy 
Gap 
(ev) 
2.50 
2.35 
2.21 
2.46 
2.30 
1.96 
Deposition 
Rate 
<m!n) 
34.8 
35.0 
34.9 
51.6 
50.8 
52.2 
·,· ··~ "'' ,.-
'•. 
.. 
,,_ -. 
. . 
Film 
Den ec -1 t "..· .._i -.. V 'J 
'· 
~ Jo-' I ;1 I 
,. ............. ii ~ ( ~ ) ? 
· cm-) 
8.6 
8 0. 
.u 
9.1 
9.2 
9.5 
9.6 
O') 
0 
.. 
.I 
. I 
I 
''i i': 
, 
'I 
I 
I 
ii 
t 
I ' 
I 
I 
I 
\ 
·1 
I 
• f 
3 ~ 
.. 
-
~ 
\ . 
i.., .... 
... ' - ·. '~ . 
l ·. - .. ' -~. ~ ... ~.,, .. , . 
... 
. ' - . . J .. . . .:" . 
· _ ·· - Sub. 
·.· .. -··No~ 
HH~5 
~ HH-3. 
-f: •.-
·HH-2 
HH-4 
HH-1 
. . ·,.., 
.. 
.. ~ ' -
. . 
-- ;,, -
. '~~-- ' 
. - "! 
r . 
. '-- ,_ -
- . . . 
::.1 . . 
~-
,, 
... J 
Cathode 
Current 
Density 
(ma ) 
cm 2 
.079 
. 
· .158 
.316 
.474 
.632 
·., .. 
• 
TABLE 5 ( 
" 
Gas Content of TaNx Films Prepared According to the 
Sputtering Conditions Outlined in Table 1. 
At.%. 
Carbon 
Film 
_ At.% At.% At.% Nitrogen 
Hydrog(,n~ 
Th. Oxygen 0 (A)· 
{ 
\ 
i 
~ .1625 45.23 7.20 17 .89 11 6.36 
3.56 1575 51.42 12.12 
1600 55.40 2.32 5.51 
1600 54.23 1.72 4.47 
3.30 
2.07 
1.43 
1550 4 3 • 18 _______--> 2.02 5.66 1.80 
.. 
' .. 
.. 
.. 
·'-! ,: • ·ii.:. 
.. 
At.% 
,· 
Tan .,._,,... 1, ·m 
. • l., d ~ ·~lrt 
23.33 
20 - ,--. 
. • ....,, '.. .. J 
..,,, . _, . .,./ O') 
;,-, 
34 ...,. ('°': 
. ( '·-' 
38. l h. 
. - _..) 
47.34 
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'·. 
a 
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·---,--
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• ' ,I 
-
'" .... 
. . :. .. · -· 
S11b. 
No. 
··HH-·2 
HHH-3 
~-2 
. , HH-4 
.HHH~4 
HHH-1 
i-
~IJ 
.,. 
0 
- . ,. ~ 
. : .. !'.:, ..... : -. -
.. - .- . 
. : ... 
' 0 
•:• 
Cathode 
Current 
Density 
. (ma ) 
cm2 
.316 
.316 
.316 
.474 
-
.474 
.474 
"" 
.,_ 
I' 
I 
.. -
1: I 
··1o 
• 
'(/ 
TABLE 6 
Gas Content of TaNx Films Prepared According to the 
. Sputtering Conditions Outlined in Table 2. 
- : . 
Film At. % At.% At.% At.% - At.% Th. 
' 
Nitrogen Oxygen Hydrogen Carbon Tantalum 
0 
(A) I 
.... 1600 55 •. 40 2.32 5.51 ~.07 34.70 
2300 60.88 4.60 3.40 30.71 m - bl 
3050 65.76 2 •. 09 .31 1.73 30.13 
1600 54·.23 1.72 4.47 1.43 38.15 
2350 62·.04 2.36 
-
1.60 34.oo 
3050 63.96 1.81 
-
1.38 32.85 
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·: . -_, ··.;: :-:~ . ': 
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- ! .. ·. ... 
-_- Data Obtained from X-Ray Dif'f'ractometer Analysis of TaNx Films Prepared by the Sputtering Conditions Outlined in Table 1. 
(111 Plane) (200 Plane) Cathode • 
Apprc;x. -:·Sub. .Current Film Rel. Line Rel. Line La+t -l .r; --I I i 11·-" ··~ ~ ,_, ,,,.,.:._ ..._ ,, __ , _-_- -No. Density. ·Thickness d-Spacing Int. Width d-Spacing Int. Width C ,,:::. :-·~ =- ~--: ·C'i :-"~ t ma (A) ( l) ( 10-3rad) ( A) ( 10-3rad) ( Q ) 
Cl 
<cm2) 
; ,._,;' 
\ 
-4 .:.. t 
;-.. ' ....... · ... 
-HH-5 .079 · 1625 ~ 2.903 1 .• 00 9.40 2.525 • 28 3.303 .-- n-::: .~ ,. \. / ', ·..._/ --7 It -
_ .. -·,,_.,.· 
- . 
HH-3 ~1B8 1575 2.918 1.00 9.24 2.529 .20 6.20 5 0 c::,;'.:, . 
_;' ..._~ HH~2 
.316 1600 2.864 1.00 9.34 2.482 .25 5.38 4.962 
-HH-4 -
.474 1600 2.873 1.00 6.03 2.495 .37 3.00 4. 9f33 HH-1 .• 632 1550 2.879 1.00 5.25 2.495 .43 2.08 4.988 
• 
~ . 
' .. 
·.,,.,'' ',. ' :· 
_I 
'A , .. 
=·· 
·, 
:t : 
• 
;f 
en 
tA) 
,.I 
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1i __ 1· 11 
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I 'I 
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:, 
-' - -
. ;._ .;;.. 
' ' 
. ... -
t 
-.0-._; __ 
. I :_~ ·-.:Da.ta 
\ 
i' 
·cathode· 
_ Sub. 'Current 
No. Density 
ma ( cm2) 
'' 
• t ;, ~ . 
· ·-HH-2 
.316 
-.HHH-3- .316 
~ 
·HHH-2 .316 
HH-4 ·.474 
HHH-4 .·474 
/ . 
-
~--: .474 --HHH-1 
C 
-- . ,~·. -. . . 
'! .... 
.. - .. ' 
- ,t -_ 
.. 
. -
.• _- •.. I' -
- ' '~- ' -
---~·- - ~---.----. -. --
~~-- ------ --~·- - ---- --- - -- - . -- -
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TABLE 8 1 ' 
. ( 
.Obtained from X-Ray Diffractometer Analysis ot: TaNx Films Prepared by the Sputtering Conditions Outlined in Table 2. 
(lll) Plane (200) Plane 
Film Rel. Line Rel. Line Thickness d-Spacing Int. Width d-Spacing Int. Width (A) 0 ( 10-3rad) 0 (A) ( A) ( 10-3ra:j) 
1600 2.864 1.00 9.34 2.482 .248 5.38 
2300 2.886 1.00 7.96 2.495 .284 5. 5() 
3050 
• 2.879 1.00 8.37 2.495 .437 6.24 
-
., 
-
-
·1600 2.873 1.00 6.03 2.495 .365 3.00 
2300· 2.886 1.00 6.72 2.488 .490 • 3.91 
3050 2.886 1.00 6.89 2.495 .690 5.04 
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TABLE 8 (cont') 
• 
Data Obtained f'rom X-Ray Dif'f'ractometer1..Analysis of' TaNx Films Prepared by 
the Sputtering Conditions Outlined in Table 2. 
. 
Sub. 
No. 
HH-2 
HHH-3 
HHH-2 
HH-4 
HHH-4 
HHH-1 
Cathode 
Current 
. Density 
ma 
. ( cm2) 
• 316 
.316 
.316 
.474 
.474 
" 
.414 
Film 
Thickness 
( A) 
1600 . 
2300 
3050 
1600 
2300. 
3050 -
( 229) Plane 
·Rel. 
d-Spacir1g Int • 
(A) 
1.754 
1.759 
1.759 
1.759 
----
.178 
.305 
----
.232 
.209 
Line. 
Vlidth 
( 10-3r,ad) 
---
11.92 
18.87 
---
8.75 
8.45 
Approx. 
Lattice 
Constant 
(A) 
4.962 
4.983 
4.984 
4.983 
4.983 
4.987 
· ..••. i . 
. . · .. '.··:· .. 
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TABLE 9 
· Data Obtained from Electron Microsc·ope Examination of TaNx Films Prepared by the Sputtering Conditions Outlined in Table lG 
. ' .: .· '.· .. -..•. ·i ._.· 
. . - '.. 
. .,-! . 
. . --
Current Density= .632 ma/cm2 
. Substrate No •. = HH-1 \ .. 
I . 
. Measured Re1. d-Spacing Int. 
.•. C ( A) 
-4.08 
.··· -2.88 
2.50 
> ·_. 2.13 -
.,_i 
· 1.95 
1.76_ -
· ,l.61 
: 1.50 . _· 
·_i.43 
w 
vs. 
M 
w 
w .. 
s 
vw 
.M 
w 
Pian$ 
of-hex 
T~N 
---' 
001 
---
---
111 
~01 
---
30·0 
002· 
0 
' 
a. = 5.73 ± .Q2 A C 
Plane· 
of BCT 
.110· 
. 200 
002 
' 
. 112 
-
---
301 
103 
321· 
. 
1400 
4.99 + 
-
Cale. 
'd-Spacing 
of BCT 
(A) 
4.07 
2.88 
2.50 
2.13 
----
1.77 
1.60 
. 1.50 
1.43 
0 
.02 A 
• 
9urrent Density= .474 ma/cm2 
Substrate No.= IIB-4 
Measured 
d-Spacing 
(A) 
4.04 
2.87 
2.51 
2.13 
1.95 
1.77 
1.62 
1.52 
----
Rel. 
Int. 
vw 
vw 
vw 
.M· 
vw 
-w 
--
Plane 
of hex 
TaN 
---
001 
---
---
111 
201 
... __ 
300 
---
Plane 
of BCT 
110 
200 
002 
112 
---
301 
103 
321 
---
Cale. 
d-Spacing 
(A) 
4. QL~ 
2.31 
1.77 
1.61 
l.:;2 
0 + 0 a= 5.72 - .02 A C - 4.99 ± .02 A 
ll 
.. 
--_ 
I 
!\ 
I 
', 
'·· 
1; 
1:1 
\1 
I 
. , 
' . 
. -; 
•,.! 
_- . 
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TABLE 9 (cont') ... 
' 
-, , -~ - -- Data -Obtained' from Electron Microscope Examination of TaNx Filtns Prepared by the Sputtering Conditions Outlined in Table 1. 
-.Current Density = .316 ma/cm2 Current Density - .158 ma/cm2 
· Substrate No. - HH-2 
··,, -Measured 
-_ d-Spacing 
( ll) 
4.05 
2.86 
2 •. 48-
2.12 
1.94 _ 
•,.: _ 1. 75 
Plane 
Rel.- of hex Int. TaN 
w 
vs 
s 
vw 
vw 
.S 
---
·001. 
---
---
111 
201 
----- -.·. vvw 
---
, 1. 49 - , _ -. M · 300 
Plane qr BCT 
110 
200 
002 
112 
---
·301 
103 
Cale. 
d-Spacing 
or BCT 
(l) 
·4.05 
2.86 
2.48 
2.12 
----
l.~ 
-----
321 1.50 
Substrate No. - HH-3 
Measured 
d-Spacing (i) 
* 
2.92 
2.53 
* 
* 
1.79 
* 
1.52 
Rel. 
Int. 
vw 
s 
M 
vw 
vw 
M 
vvw 
M 
Plane 
of hex 
TaN 
---
---
---
---
111 
201 
---
300 
Plane 
of BCT 
110 
200 
002 
112 
---
301 
103 
321 
Cale. 
d-Spacing 
O f' FCl1 ... ...__,. .... 
(A) 
----
2.92 
2.53 
-.-. ... -
------
1.80 
------ ... 
1 s~ a> .... ...) 
0 
': :-\~-·c .. •·- a·· =· --5. ___ :·1---1 + • 02 Q -...- ·-: .· -
_--• 
- A 6. + 0 c.= 4.9 - .02 A 5.81 + l 5.06 + a= .02 C - .02 u - - - .... 
* Too weak to measure 
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TABLE 10 
. -- ; -- -
_.~ ' 
... 
'· .· --
Data _Summary for Measurements of Resistivity as a Function of Temperature for TaNx Films Prepared According to the Sputtering Conditions Outlined in Table 1. 
Sub. No.= HH-5 Sub. No.= HH-3 Sub. No.= HH-2 
Current Density= .079 ma 2 ·1· cm Current Density= .158 ~~2 Current Density = • 316 IO.a.2 cm ' 0 Film Thickness= 1625 A 
Temp. 
( o_K) 
372 
849 
338 
329.5 
318 
309.5 
Re·s1sti vity 
(104 ohm-cm) 
.0998 
.1770 
.2452 
• 3284 
.4393 
.5734 
--304 
.6739 
.9764 293 
283 
264 
254 
243 
233 
,, 
---
---
---
--
~ 
, 
1.3730 
3.0050 
4.7570 
. 8. 2690 
12.9400 
---
---
---
0 Film Thickness= 1575 A 
Temp. 
( OK) 
372 
349 
338 
329.5 
_ 318 · 
309.5 
304 
293 
283 
264 
254 
243 
233 
---
---
---
Resistivity 
(104 ohm-cm) 
.1432 
.2635 
.3766 
.5120 
.7369 
.9869 
1.1910 
1.7670 
2.5540 
5.7570 
· 8. 7480 
14.8200 
---
---
---
---
0 Film Thickness= 1600 A 
Temp. 
( OK) 
373 
353 
343 
333 
323 
313 
303 
293 
283 
273 
263 
253 
243 
232 
222 
213 
• 
ResistiviLy 
( 103 ohm-cm) 
• 
" 
.2396 
.3792 
.4762 
.5947 
.7592 
.9677 
1.2850 
1.6670 
2.1860 
2.9830 
4.0410 
5.5910 
8G6120 
1306000 
18.8200 
26.9100 
.. 
--
\I 
,:? 
~-
. . . . ~ 
. ''t .-·· : ... 
. • .;.t 
. ~ . 
. . ~ 
. ' . ~ 
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TABLEilO (cont 1 ) ,. i 
. Data Summary _f'or Measurements of: Resistivity as a Function of Temperature 
· f'or TaNx Films Prepared According to the Sputtering Conditions Outlined in Table 1. 
Sub. No. - HH-4 Sub. No. - HH-1 -
Current D~nsity - .474 ma Current Density 
.632 ma cm2 - c·m2 
' 
. 
1600 
0 
0 
Film Thickness 
- A Film Thickness 
- 1550 A 
~ , : . ;--,-
< • .. 
.. 
· . 
.. 
. . '. '.' . ' -~ : 
Temp • Resistivity Temp. Resistivity 
••. • .•• ·;·-+ 
' 
. 
(OK). (102 ohm-cm) ( OK) (101 ohm-cm) 
. \ 
. 
I 
. , \ . . .. 
'! 
373 
.3246 
< \ 
372 
.3205 
·- 353 
.4691 349 
.4138 
. •' 
.. 
. 
343 
.5619 338 
.J .. 
.4779 
fi 
333 
.6804 329.5 
.5426 i 
'•. . . 
323 
.8310 318 
·, 
.6215 
·-::;,, 313 1.0040 309.5 
.6982 303 304 1.2520 ' 
.7516 293 1.5680 
' 
293 
.8837 
. 
283 1.9240 283 
' 1.0270 
.. ·-· . 
273 , . . . 2.45·20 264 1.4410 ,., 
' . 
263 3.1360 254 1.7610 253 3.9750 243 2.2330 243 
- '•.·. ·. ,·,. ···;: .. • . 
5.5880 233 2.7500 
·• ·. 
232 
I ' 
8.0430 
---
---
\ . 
222 
. ! 
10.4500 
.. \ 
---
---
213 14.0000 • -
.... 
---
---
I 
j 
• 
·, 
i 
i 
I: 
i; 
1.1, 
.I 
1'1, 
CD 
co 
1\ 
r 
'I, 
' 
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i\ 
\_I 
I 
I 
,-~ 
I, 
I 
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TABLE 11 
. ·:, 
• 
" • 
t . 
· Data Summary for Measurements of Resistivity as a Function of Temperature for · TaNx Films Sputtered to Different Film Thicknesses at a Cathode Cu1'")rer1t Density . • · · . . of .316 ma/cm2 and a Cathode Voltage of 4500 Volts DC. 
- ;Sub. No~ = HH-2 Sub. No.= HHH-3 Sub. No.= HHH-2 
0 
I 
i Film Thickness= 2300 A 
· .·. ·Film Th.1ckness = 1600 A 
Film Thic1rr1ess == 3050 P. 
i 
\ ' j . . Temp. 
( OK) 
373 
·353 ~ 343 
333 
323 
313 
- -
-· '•. ' 303 
· --293 t '~ . 
... 
283 .. : - . -· ~ 
273· 
263 
. ' . . ' 253 .~- : 
' 
- . ' . . - . 243 
-~32 
222 .. 
213 
• 
\;'! ' . r:: \.~ --. -
·=-. --'~ . ·~ . ~, -~- ~~- . "':.-.,. -- . -
.. - . 
Resistivity' 
(103 ohm-cm) 
.2396 
.3792 
.4762 
.5947 
" 
.7592 
.9677 
1.2850 
1.6670 
.2.1860 
2.9830 
4.0410 
5.5910 
8.6120 I 
13.6000 
18.8200 
26.9100 
Temp. 
( OK) ' 
373 
353 
343 
333 
322 
313 
302 
293 
282 
271 
263 
253 
242 
---222 
---• 
Resistivity 
(103 ohm-cm) 
.2398 
.3544 
.4397 
.5528 
.6917 
.8615 
1.1300 
1.4190 
1.9230 
2.6300 
3.3580 
4.6610 
6.5800 
.-.~ 
---14.4000 
---
• 
Temp. 
(OK) 
373 
353 
343 
333 
325 
313 
303 
293 
282 
273 
263 
253 
243 
232 
223 
213 
,-, 'r-·-, ' 
. ~ . ) v1..L"Tl-C~.J, 
r,..ryr;a .: 
_, { { .... ,, 0 .._ 
__,... 3 0;:: r, 
• 
. ·-.) l'-i 
42sc·i . 
_,..· ./ 
.5093 
- /' ..-,. Q 
"'-, r-'- i , ' • J ,,..) / <,._) 
7 ,-,, ,-1 
.,·-·1 l J .... ....., . 
• t., .... i J _) -
• 8 5c3 2 l ,-, , , ,..., (', r,1l1. 1 ..) • !, .. _)~ .:::r 'i 
1 ,-,J:O'.) 
• C:-t·U \ 
C 1.5510 
le9980 
2., 7C)00 
3.l+-710 
4 0 716 1J 
6. 09L~O 
8.2150 
' 
I 
I 
i 
I 
I I 
I 
I 
\ii 
ll 
·, 
' ' 
\ . 
TABLE 12 
• • 
·,.:,:.· 
- - . ' 
. ,· "·-::,_··.·· - __ ,-
.. - .. 
_- .... -
·:· ::: · Data Stimmary for Measurements of Resistivity as a Function of Temperature for :TaNx Films Sputtered to Different Film Thicknesses at a Cathode Currer1t Density · of .474 ma/cm2 and a Cathode Voltage of 4500 Volts DC. 
,:_ Sub. No •. = HH-4 Sub. No •. = InIH-4 Sub. No.= HHH-1 
0 0 
0 
Film Thickne·ss = 1600 A. Film Thickness= 2350 A Film Thickness= 3050 A 
.• .;· .-
_·Temp. 
( ~K) 
,' . 
'. - - . . ·- - - '-~-.. ·--
. ' 
.• 
373 
,353 
, 343 
333-
·. 323 
313 
_ 303 · 
- 293 
283. 
273 
. 263 
253 
. 243 
. ··. ., 232 
. 222 
213 
- - . . . . ·.- - . 
. . :·:;_. . 
.. ·'\.'.,.' .. 
. ' 
Resistivity 
(102 ohm-cm) 
.3246 
.4691 
.5619 
.6804 
.8310 
1.0040 
1.2520 
. 1.5680 
. -( ... 
- 1.9240 
2.4520 
3.1360 
3.9750 
5.5880 
8.0430 
10.4500 
14.0000 
"4,.-, •. 
Temp. 
(OK) 
· 373 
353 
343 
333 
322 
313 
302 
293 
282 
271 
263 
253 
242 
---222 
---
Resi·sti vi ty 
(101 ohm-cm) 
.9861 
1.2540 
1.4280 
1.6310 
1.8690 
2.1250 
2.5020 
2.8560 
~-4240 
.1340 
4.7830 
5.7830 
7.1100 
---12.1300 
---
:·c 
, .. 
I• 
Temp. 
(OK) 
373 
353 
343 
333 
325 
313 
303 
293 
282 
273 
263 
253 
· 243 
232 
223 
213 
.. 
Resistivit~,l 
V 
(101 ohr11-cn1) 
• 3 2L~l 
.4237 
.4780 
.5487 
.6031 
70P)ll . "-" ' 
.8371 
qP., QlJ. . ~ ,.._;. ' 
1.1360 
1 ')51n • -> ..... v 
1.6590 2 ,,.-,n,,...n l._. \ >-:. I''""'-
0 1• • ......1 'v\., 
2 r())i 0 :J -· '-,;,, . _,,. ' 
3e330Q 
4.112 
5.288 
...;a 
...., 
I 
I 
'I 
I, 
.,! 
,' 
I 
ii 
.,, 
.. 
t 
. 
·, 
\ .. ·.· . 
I L I 
::?' 
Vo'ltage 
· (volts) 
25, 
50 
·75 
· .. 100·. 
.· 125 
150 
175 
. 200 
. 250 
300 
350 
400 
450· 
500· 
600 
700 · 
800 
.900 
1000 
.. 
jl 
' TABLE 13 
·!" .. ~Data Summary f'or Voltage-Current Measurements on TaNx Films Sputtered to · · Dif'ferent Film Thicknesses at a Cathode Current Density of .315 ma/crn2 and a Cathode Voltage_ of 4500 Volts DC. 
. Sue. No • =' mt-~ I L I I s a , su·5· •· No. •_• 'Hflll-3 I a I • I • j 
0 
0 Film Thickness 1600 A Film Thickness 2300 A -- -Resistivity @.V=O Resisti\rit:y r, "'.. C (SY t-)Current 
.· -Resistivity Voltage Current • u 
'Res 1st' i;/1"t·~; ' (10-ll amp) (volts) (10-ll amp) 
.8 1.000 25 3.1 1.043 1.5 1.067 50 5.9 
.992 2.4 1.000 75 8.9 
.998 3.2 1.000 100 11.9 • 1.001 4.o 1.000 125 14.9 1.002 4.8 1.000 150 17.9 1.003 5.6 1.000 175 20.9 1.004 ·6.5 1.016 ,. 200 24.1 i 1.013 J. 8.2 1.025 250 30.9 ,j< 1.039 ''" 9.9 1.031 300 37.7 1.057 1·1. 7 1.044 350 44.7 1.074 13.5 1.055 400 51.9 1.091 15:.4 1.069 450 59.4 1.110 17.3 1.081 500 67.4 1.133 21.3 1.109 600 84.4 .. 1.183 25.4 1.134 700 102.0 1.225 29.4 1.148 800 120.0 1.261 33.9 1.177 900 139.0 1.298 38.6 1.206 1000 159.0 1. 33r-r 
, · . Resistan.ce @ V=O was 3.125 ~ 1012 Resistance@ v=o was 8.407 X 1011 
4 
. . ... 
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ti:, 
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,. . 
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·---'i if @' ~ .. · I. , ... 
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TABLE 13 (cont') 
: Data. Summary for Voltage-Current Measurements on TaNx Films Sputtered ~o 
: ·. ·,D1ff'erent Film Thicknesses at a Cathode Current Density of . 315 ma;1cm 2 and a Cathode Voltage of 4500 Volts DC. 
:.-,: 
i. 
. ,. 
•• . 
t 
.. 
\· 
\ 
\ 
• J 
I 
., 
• 1 
I 
I 
. I 
·s'ub. No.,, mnt-2 
Film Thickness 
Voltage 
(volts) 
25 
50 
75 
100 
125 
150 
175 
200 
250 
300 
350 
400 
450 .. 
500 I 600 
\ 700 
·eoo 
900 
1000 
Current 
(10-9 amp) 
5.8 
11.0 
16.5 
22.0 
27.8 
33.2 
39.0 
44.8 
56.5 68.2 
80.3 
92.5 
104.o 
116.0 
'143.0 
170.0 
198.0 
226.0 
255.0 
Resistance @ V=O was 
0 
- 3050 A 
Resistivity@ V=O 
Resistivity 
1.049 
.995 
.995 
.995 
1.006 
1.001 
1.008 
1.013 
1.022 
1.028 
1.037 
1.045 
1.045 
1.049 
1.078 
1.098 
1.119 
1.136 
1.153 
4.522 X 109 
,. 
' \ 
l 
. 
' 
. ' 
. . 
. .. 
I 
,, 
'1 
'1 
I 
i( 
,\ 
I' 
11 
I 
l 
II 
!' 
J 
., .. 
f ~ 
Il' 
t;~ 
-=-h. 
" 
i 
I 
,I' 
. J 
.. 
. . 
? . 
• lo. • 
• TABLE 14 
• · -., .. :.· •· ·_ Data. summary fo~ Voltage-Current Measurements on TaNx Films Sputtered to .. : · ·· ·- .. --. Different Film Thicknesses at a Cathode Current Density o:r .474 ma/cm2 , · and a Cathode Voltage of 4500 Volts DC. 
J 
Voltage 
(volts) 
I 25 
50 
· ·75 
·. ioo 
125 
150 
175 
200 
250 
300 
350 
400 
450 
500 
600 
700 
800 
· .. 900. · 
1000 
Sub. NOo = HH-1+ 
. 0 Film Thickness=· 1600 A 
Current 
(10-9 amp) 
.8 
.1.7 
. 2.6 
3.5 
4.3 
5.1 6.o 
,. 6~9 
,· 8.7 
.. - 10. 5 
·. 12.4 
14.2 
16.1 
· 18.1 
22.0 
26.,3 
30.5 
34.7 
39.0 
Resistivity@ v~o 
Resistivity 
.930 
.988 
1.008 
1.018 
1.000 
.998. 
.997 
1.003 
1.012 
1.018 
1.030 
1.032 
1.040 
1.052 
1.066 
1.092 
1.108 
1.120 
1.134 
Resistance.@ V=O was 2.907 X 1olo· ~ ; 
.... 
• 
~ 
·., 
Voltage 
(volts) 
25 
50 
75 
100 
. 125 
150 
175 
200 
250 
300 
350 
400 
450 
500 
600 
700 
800 
900 
1000 
Sub. No·: = IDm-4 1 • I -a 
0 Film Thickness= 2350 A 
Current 
(10-7 amp) 
1.5 
3.0 
4.5 6.o 
7.5 
9.0 
10.6 
12.1 
15.1 
18.3 
21.4 
24.6 
27.7 
30.7 
37.2 
43.9 
50.7 
57.9 65.2 
. 
Resistivity@ V=O 
Res is ti iJi t:l 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
.. 1.010 
1.008 
1.007 
" 1.017 
1.019 
" 1.025 
1.026 
1.023 
1.033 
1.045 
1.056 
1.073 
" 1.087 
Resistance@ V=O was 1.667 X 108 
-
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TABLE 14 {cont') 
... ·. Data Sunnnary f'or Voltage-Current Measurements on TaNx Films Sputtered ~o 
Dif':f'erent Film Thicknesses at a Cathode Current Density of' .474 ma/cm 
and a Cathode Voltage of' 4500 Volts DC • 
- I 
sub. No. HHR-1 • -
0 Film Thickness - 3050 A -1 I I I I 
Voltage Current Resistivity @ V==O 
L (volts) (10-7 amp) Resistivity 
1\ ,.'!1 
25 l.8 1.000 \~ 50 3.6 1.000 
·75 / 5.4 1.000 100 7.2 1.000 125 9.0 1.000 .. 150 10.8 1.000 175 12.7 1.008 • 200 14.5 1.007 250 18.2 1.011 300 21.9 1.014 350 25.6 1.016 400 29.l 1.011 450 32.9 1.015 ' . .!I> 500 
~6.7 1.020 = 600 4.7 
~: 
1.035 700 52.7 1.046 Boo 61.2 1.063 900 69.7 1.076 1000 77.9 1.082 
··~ .. 
' "Jo'!! 
.•.:, ,e, 
~~· .I) ·_; 
. .. ... 
" i .. 
Resistance @ V=O was 1.389 X 108 .. 
-~· . 
.. " 
... 
- ,. -
- --- - - --- -
~·.~ ~ -~~·~ .cc _ ..•. ··- ~- ·-··. -- -~- --· -··-. -.-. -- -- --·-
. ' . 
,:•:!" 
r-: -
!, . 
~ 
. i 
I . 
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; . ~ 
TABLE 15 
. . . 
'_·:~-- : ' .. \. -~ : . 
-
··.Data · .from Optical Absorption Measurements on TaNx Films Prepared According to 
the Sputtering Conditions Outlined in Table 1 • 
.· .... ~ :. 
. ·. Current . ma 
.158 
~2 
.316 ma,..._ 
Density -
.079 cm2 Current Density - Current Density 
-
-
-
r) ,..,.,1 c 
-._ .... ~ ' Photon Optical Photon Optical Photon 0 . ' p ,,.._ ··: .,..., r°' I 
._.r ~~ L~ ~ ~ 
.. 
Energy Density Energy Density Energy De 1•· -~ , ·- - • 
... .. 1,.,_,. .. ••• _ --~· ':' 
... 
! . (ev) (ev) (ev) 3.120 1.988 2.987 1.972 3.024 1 r,"' ·"" 
---i ( .J . ~; \-
3.100 1.946 2.970 1.936 3.006 1 ('';}ir-:i 
.,,......., ..._ ... ~ 
• I • <-. 
--
3.080 1.910 2.952 1.898 2.987 ; • 1 ,, ,r\ / i 
. :": . 
• :::;:. v ~1-
I 
3.061 1·.874 2.935 1.864 2.970 1 .c: ,_., .n 
.0/\ ../ 
3.043 1.840 2.917 1.828 2.952 l () -1 ·!\ ~ 
/ 
)•--"I',, -t ~
• \_./ _J "-
0 
3.024 1.804 2.901_ 1.796 l ,...._7 .. -.. r·1 
.·. 
2.935 I ~-,} (-\ . ( _,,,,..._, 3.006 1.772 2.883 1.762 2.917 1 7rr 
~ i.: '; 
.. 
'·. 
·,: 'l 
• ...._,.,.. ··J 
: ! ?" 
.. 2.987 /·- ·,....: 1.736 2.867 
~ ' . , 
' . 
1.730 2.901 1 7 '"'0 
.• ; 
• ! _j 
! 
2.970 1.706 2.850 1.698 2.883 1 7t10 
.. 
'. ; , 
1 . ' 1 
• ' ·._,J ··,.._,,; 
/ 2.952 1.670 2.834 1.668 2.867 -1 , ~" f~i I :ij 
. -' ( . 
2.935 1.634 2.818 1.632 2.850 r. ,.-1 r1 ':? ;~ .. 
• ._, _J ._J 
·.·2.917 1.602 2.802 1.602 2.834 1 .,- ;-, I f-. l \ j 
• '<.) \,) --r-
2.901 1.572 2.786 1.568 2.818 1 ~.7? 
'" 
. ../ '-
I 2.883 1.544 2.755 1.510 2.786 1 r::-11u 
t.. . 
. - . 
2.850 .. 1-.480 2.725 1.450 2.755 1 }i ,-8 L ... ""'I 
• I ,.;If"/" 
2.818 1.418 2.695 
_) 1.392 2.725 1.400 2.786 1.360 2.667 1.334 2.695 1 -. l1 Ji 
--,,4._ 
. ..) . ' 
· 2'. 755 1.302 2.638 1.280 2.66l 1 '}PR 
• C. ........ ;/ \_.. 
2.725 1.250 2.611 1.226 2.63 1 ?-,r-' .. ,o 
. ..__) 
2.695 1.194 2.583 1.170 2.610 . ,, 1 1 p 0 
o ~Uc 
.. : 2.667 1.142 2.557 1.118 2.583 1 1 ·?,Q 
0 --
2.638 
·1.092 2.531 1.066 2.557 1 0Qr, 
• l._1' Ju 2_.583 .996 2.505 1.018 2.531 l ,-.,. -, I, ( ) j; . . .._,., ~ 
• 
. ' }· 
.. 
'"; .. -~*" 
. •· 
. . ,.; 
. . :~ TABLE 15 (cont'} . '· 
r 
.J)ata from ·Optic~l Absorpt~on Measurements on TaNx Films Prepared According to the Sputtering Conditions Outlined in Table 1. ,,: 
·· .. -~current ·nensity = .079 1;2 
· Photon 
En.er~y. {ev) 
·2.531 
2.480 
2.432 
2~385 
·2.340 
2.296 
· 2.255 
. 2.214 
. 2.175 
; 2.138 
2.·102 
. 2.067 
.· •. l 
• k 
-.,,:.. 
-. 
; _-. ·~:- .. · . . ' ' . 
-•- C - • • 
.. 
. . :;: .- . 
- , 
- , 
-· -·· .. 
_· ·:C- -~--- :· - : . ,_ . . . 
.. '. .. - ·\ 
· .. -
- . :., -
. -.· ( . ·._ · .. 
r 
.• 
Optical 
Density 
• 
• 908 
.826 
.758 
·.700 
.650 
.610 
.578 
.550 
.526 
.502 
.484 
.456 
Current Density 
-
.158 ~~2 
:Photon Optical Energy Density (ev) 
a 
2.480 • 970 2 .• 455 
.922 2.432 
~878 2.385 
.790 2.340 
.714 2.296 
.642 2.255 
.584 2.214 
.534 2.175 
.492 2.138 
.462 2.102 
.436 2.067 . 
.420 
• 
.•. 
Current 
Photon 
Energy 
,( ev) 
2.505 
2.480 
2.432 
2.385 
2.340 
2.296 
2.255 
2.214 
2.175 
2.138 
2.102 
2.067 
Density 
.. 
~- ,· 
~\ 
\ 
-
. .. 
... 
.316 ma l!UI2 
Opt-1 c2 l 
Dr::. '!'1,..... -1 ....... "·· '-'l i I : \,...,i ..Ii."'-.,__..;..< _..... V ' 
\.,' 
• 
986 . . "-" 
.940 
.854 
.778 
.712 
.656 
.608 
.570 
.538 
.512 
.492 
.476 
• 
.... 
-.a. 
I . 
l 
I 
l l . 
I 
J 
! l . 
l 
·, 
! 
l 
.! 
l 
l 
i 
I 
i 
· I : 
l 
l 
f • 
! 
. ' 
. . .. . ........ . 
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TABLE 15 (cont') 
. . Data :rrom Optical Absorption Measurements on TaNx Films Prepared According to the Sputtering Conditions Outlined in Table 1. 
-- ~-; '~---:·/ ~-- - Current Density - .474 ma 2 Current Density - .632 ma 2 
·- .. - - ·,,-_. :', ..... ,:... . 
-~ - -·' 
-
-
... 
'· 
,., _:__.. 
'J::: <: ;)_. . . cm cm 
··"' : .. ·.. -~ ,,. ;~. -· 
. . . I 
a• 
• 
• • •,. I • ~ 
.,._-, r 
• Photon Optical Photon Optical \ . - Ener!y Density Ener~y Density 
. 
. ( ev (ev 1 
• 
; ,-
.. 
- ' 
} 
2.987 1.976 2.883 1.988 • I . ~ ~- -:~ ' 2.970 1.940 2.867 1.952 
: -
.. 
2.952 • 1.908 2.850 1.922 "_- ;· -, -i.- 1.870 2.834 1.888 
- 2.935 
2.917 1.840 2.818 1.860 ~ -· 
• 
2.901 1.808 2.802 1.824 2.883 1.780 2.786 1.794 
"" 
:• 2.867 1.746 2.771 1.766 -.. .l . ' 
' . ,-· I" .-
' 
2.850 1.714 2.775 1.736 2.834 1.682 2.740 1.710 
·2 .• 818 1.652 2.725 1.678 2.802 1.624 2.710 1.648 2.786 
., 1.594 2.695 1.622 . -. : : - a:.:- . . . . 2 .• 755 1.536 2.667 1.568 " 
.. 
~ _.': 
- . -
· .... · .. · .. 7 ! .·· 
.· 2. 725 1.480 2.638 1.516 
. ' . . . - . 
. 
.. · 
·-
. , - .. 
: • : Y"· - ,. ' - : 
2.695 1.426 2.611 1.460 
"}_ : 
-;: ... 
., 
,- 2.667 1.370 2.583 1.408 . a 2.638 1.316 
. 1.356 2.557 
. 2.611 1.266 2.531 1.306 2.583 1.214 2.505 1.260 f; - 2.557 1.164 2.480 1.208 
·2.531 1.112 2.455 1.160 ' .. \ . . ~ - . .;.-" . - 2 •. 505 1.066 2.432 1.112 
-
'..... . 
. • 
' 
.- ; . 
-·. t 
. . 
. ·1 
. : y. 
- ·' .... 
- ,._ . 
. \ . 
TABLE 15 {cont•) 
Data from Optical Absorption Measurements on TaNx Films Prepared According to 
the Sputtering Conditions Outlined in Table 1 • 
Current • 474 ma 2 Density - cm rna 2 Current Density - .632 cm 
Photon Optical 
Eneriy Density (ev 
Photon Optical 
Energy Density (ev) 
T I • 
2.480 1.016 2.408 1.066 
-.-,":· , .. 
2.455 
2.432 .970 2.385 1.020 
.926 ·'. -~ 
2.385 .844 
2.340 
.772 
.·. -
. 2.296 
.710 
... 2.255 .660 l ·.- -. 
2.214 
.618 
2.175 .586 .-,•:.._ 
e 2.138 
.560 
2.102 
.• 544 ' .. 
2.067 
.532 
2.362 
.974 2.340 
.932 
2.318 
.892 
2.296 
.854 
2.255 .786 
2.214 
.728 
2.175 .676 
2.138 .636 
2.102 
.610 
2.067 
.592 
. 
• • .~ 
... . \.. . 
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~- t . . fl 
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TABLE 16 
" 
"· 
' _'I) 
-Data from Optical Absorption Measurements on TaNx Films Sputtered to Different Film Thicknesses According to the Sputtering Conditions Outlined ir1 Table 2 0 
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TABLE 16 (cont') 
Data from Optica.l Absorption Measurements on TaNx Films Sputtered to Different Film Thicknesses According to the Sputtering Conditions Outlined in Table 2. 
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TABLE 16 (cont•) 
·Jnata from Optical Absorption Measurements on TaNx Films Sputtered to Different Film Thicknesses According to the Sputtering Conditions Outlined in Table 2. 
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